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INTRODUCTION
In recent years there have been considerable advances in 
the techniques used for the investigation of nuclear propert­
ies in low energy Nuclear Physics. The result of this work 
has been accumulation of great wealth of experimental data 
on nuclear energy levels and on the interactions between 
nuclei. This has led to the development of nuclear models 
which have proved to be successful in interpreting much 
of the experimental material.
In the field of nuclear reactions and scattering pro­
cesses spatial orientation may be introduced into the system 
whenever the direction of the beam of incident particles is 
defined. Hence in many cases anisotropic effects associated 
with the emitted or scattered particles can be expected.
By observing these effects it is possible to deduce infor­
mation about the mechanism of the nuclear reaction or 
scattering process in question. The ambiguities and 
uncertainties which arise in the interpretation of angular 
distributions of such processes can be reduced and even 
eliminated in some cases, by studying the polarization of 
their products.
The measurement of the spin polarization of particles
resulting from nuclear reactions or scattering has been
1almost entirely restricted to spin—j particles. I he usual
( v i i i  )
method o f  d e t e r m i n i n g  t h e  p o l a r i z a t i o n  o f  such a beam o f  
p a r t i c l e s  i s  by e l a s t i c  s c a t t e r i n g  w i t h  a l e f t - r i g h t  
a z i m u t h a l  o b s e r v a t i o n .  Such p o l a r i z a t i o n  measur emen ts  s e r v e  
as a s u p p l e m e n t  t o  d i f f e r e n t i a l  c r o s s  s e c t i o n  measur emen ts  
w h i c h  a r e  u s u a l l y  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  s p i n  
dependence o f  t h e  n u c l e a r  i n t e r a c t i o n s .  Hence,  p o l a r i z ­
a t i o n  e x p e r i m e n t s  w i t h  p a r t i c l e s  o f  s p i n  g r e a t e r  t ha n  1 / 2 ,  
( e . g .  d e u t e r o n s )  s h o u l d  be o f  even g r e a t e r  i n t e r e s t  o w i n g  
t o  t h e  f a c t  t h a t  t h e  s p i n  dependence o f  t h e i r  i n t e r a c t i o n  
w i t h  n u c l e i  i s  c o r r e s p o n d i n g l y  more c o m p l e x .
In b o t h  t h e  s p i n —|  and t h e  s p i n - o n e  c a s e ,  p o l a r i z a t i o n  
e x p e r i m e n t s  p r o v i d e  i n f o r m a t i o n  on t h e  n o n - c e n t r a l  i n t e r ­
a c t i o n s .  However ,  i n  a d d i t i o n  t o  t h e  usu a l  c e n t r a l  and 
s p i n - o r b i t  i n t e r a c t i o n s  used f o r  n u c l e o n s  i n  o p t i c a l  
model  c o n s i d e r a t i o n s ,  a d d i t i o n a l  t e n s o r  c o u p l i n g  i s  a l l o w e d  
f o r  s p i n  one p a r t i c l e s  (Sa 60a,  Sa 6 0 b ) .  N e v e r t h e l e s s ,  
v e r y  l i t t l e  i s known a b o u t  t h e  i m p o r t a n c e  o f  e i t h e r  v e c t o r  
o r  t e n s o r  n o n - c e n t r a l  f o r c e s  i n  d e u t e r o n  s c a t t e r i n g  o r  
r e a c t i o n s  a t  p r e s e n t .
R e l a t i v e l y  few e x p e r i m e n t s  have been done i n v o l v i n g  
p o l a r i z e d  d e u t e r o n s  a t  l o w e r  e n e r g i e s .  Doub l e  s c a t t e r i n g  
measurements  n e ar  6 MeV ( A 1 60,  Gu 53,  Ne 64) p r e s e n t  
r e s u l t s  i n  the  f o r m  o f  a s y m m e t r i e s  between l e f t ,  r i g h t  and 
up a z i m u t h a l  p o s i t i o n s .  P o l a r i z a t i o n  has been d e t e c t e d  by
( i x )
u s i n g  a r e a c t i o n  w i t h  an unknown a n a l y z i n g  power ( Ba 60,  La 61,
Po 61a,  Ve 66) and p o l a r i z a t i o n  p a r a m e t e r s  have been measured
u s i n g  a known a n a l y z e r  ( Po 61b,  Me 64b,  Se 64,  Me 64b,  Da 6 5 ) .
A d d i t i o n a l  e x p e r i m e n t s  have been done u s i n g  a p o l a r i z e d  i on
s o u r c e  a t  a b o u t  22 MeV (Be 63,  Ar  6 6 ) .
The e x p e r i m e n t s  t o  be d e s c r i b e d  h e r e  i n v o l v e  o r i e n t e d
r e c o i l  d e u t e r o n s  o b t a i n e d  f r o m  e l a s t i c  s c a t t e r i n g  o f  p r o t o n s
and a l p h a s  f r o m  a d e u t e r a t e d  p o l y e t h e l e n e  t a r g e t  and o r i e n t e d
9 8d e u t e r o n s  f r o m  t h e  B e ( p , d )  Be r e a c t i o n .  On l y  t h e  components
o f  t h e  s e c o n d - r a n k  t e n s o r  were  measured he re  a l t h o u g h  i n  o r d e r
t o  d e s c r i b e  f u l l y  t h e  d e u t e r o n  s p i n  o r i e n t a t i o n  b o t h  v e c t o r
and s e c o n d - r a n k  t e n s o r  components  a r e  r e q u i r e d .  The
^ H e ( d , p ) trHe r e a c t i o n  was used as a p o l a r i z a t i o n  a n a l y z e r
w i t h  known a n a l y z i n g  p ower .  A l l  measurements  were  done i n
t h e  tandem Van de G r a a f f  a c c e l e r a t o r  e n e r g y  r ange  ( be tw ee n
3 and 11 MeV) and a t  f o r w a r d  l a b o r a t o r y  a n g l e s .  They e x t e n d
t h e  a -d  e l a s t i c  s c a t t e r i n g  measurements  o f  M c I n t y r e  and
H a e b e r l i  (Me 64b)  t o  l a r g e  c . m .  a n g l e s  and t h e  measur emen ts
9 8o f  Darden and F r o e l i c h  f o r  t h e  B e ( p , d )  Be r e a c t i o n  t o  
e n e r g i e s  up t o  10 MeV.
In t h e  case o f  a - d  s c a t t e r i n g  t h e  p u r p o se  o f  t h e  i n v e s t ­
i g a t i o n  was two f o l d  s i n c e  t h e  r e s u l t s  can be used i n  two 
d i f f e r e n t  w ays .  F i r s t l y ,  t h e  kn owl edge  o f  p o l a r i z a t i o n
4
p a r a m e t e r s  in t h e  a - d  s c a t t e r i n g  w o u l d  make 'He a u s e f u l
( x )
a n a l y z e r  i n  d e u t e r o n  d o u b l e  s c a t t e r i n g  e x p e r i m e n t s .  S e c o n d l y
t h e s e  measur ements  can be used i n  an i n v e s t i g a t i o n  o f  t h e
a - d  s c a t t e r i n g  p r o c e s s  and t he  e n e r g y  l e v e l s  o f  t h e  compound 
6n u c l e u s  Li  ( t h r o u g h  a phase s h i f t  a n a l y s i s  o f  t h e  s c a t t e r -
g 8
i n g ) .  In t h e  case  o f  t he  p - d  s c a t t e r i n g  and t h e  B e ( p , d )  Be
r e a c t i o n ,  t h e  measurements  were  made w i t h  t h e  p u r p o s e  o f
e s t a b l i s h i n g  t h e  i m p o r t a n c e  o f  n o n - c e n t r a l  i n t e r a c t i o n s
i n  t h e  two p r o c e s s e s .  In p a r t i c u l a r ,  t h e  k n ow l edg e  o f
d e u t e r o n  s p i n  o r i e n t a t i o n  p a r a m e t e r s  in  d i r e c t  n u c l e a r
i n t e r a c t i o n s  can p r o v i d e  i n f o r m a t i o n  as t o  how i m p o r t a n t
t h e  t e n s o r  c o u p l i n g  t e rm s  a r e  i n  o p t i c a l  model  c o n s i d e r a t i o n s
O t h e r  e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  t h e s i s  i n v o l v e
sys te ms  composed o f  f r o m  f o u r  t o  seven n u c l e o n s .  The w or k
was u n d e r t a k e n  i n  an e f f o r t  t o  p r o v i d e  d a t a  w h i c h  may be
g e n e r a l l y  u s e f u l  i n  a c q u i r i n g  f u r t h e r  k nowl edge  on t h e
e n e r g y  l e v e l  s t r u c t u r e  o f  some o f  t he  v e r y  l i g h t  n u c l e i .
An e n e r g y  l e v e l  s e a r c h  o v e r  l i m i t e d  e x c i t a t i o n  r e g i o n s  i n  
4 5 6 7He, He, Li  and Li  n u c l e i  was c o n d u c t e d  by e l a s t i c a l l y
3 4s c a t t e r i n g  p r o t o n s ,  d e u t e r o n s ,  He-  and ‘ H e - p a r t i c 1 es f r o m  
t r i t i u m  g as .
The t h e o r y  o f  t he  d e s c r i p t i o n  and measurement  o f  t h e  
p o l a r i z a t i o n  o f  s p i n - o n e  p a r t i c l e s  i s  d i s c u s s e d  i n  c h a p t e r  
1.  In p a r t i c u l a r  t h e  a n a l y z i n g  power  o f  t h e  ^ H e ( d ,  p ) L,'He 
r e a c t i o n  i s  c o n s i d e r e d .  C h a p t e r  2 o f f e r s  a d i s c u s s i o n  on
(x i )
the deuteron polarization measurements for a-d elastic 
scattering. A detailed description of the apparatus and 
the method used in the experiments is provided. This is 
followed by a presentation of the a-d polarization data 
and a discussion of the results. Chapters 3 and 4 present 
the results of the measurements of the deuteron tensor
moments obtained for the p-d elastic scattering and for
9 8the Be(p/d) Be reaction, respectively. A summary of
the present knowledge of the ^Li level scheme up to 8 MeV
is given in chapter 5 followed by a full description of
the experimental method used in the elastic scattering
measurements and a discussion of sources of experimental errors. 
4The He-T elastic scattering measurements are presented and
a phase shift analysis of the angular distribution data is
described briefly. Finally, in chapter 6, the data obtained
in short experiments on elastic scattering of p-T, d-T and 
3He-T are presented.
CHAPTER 1
DESCRIPTION AND MEASUREMENT OF THE POLARIZATION OF SPIN-
ONE PARTICLES.
1.1 Description of Spin-One Polarization
The description of the polarization of the deuteron, 
as applied in the present measurements, was first develop­
ed by Lakin (La 55) and subsequently with a different 
formalism by Stapp (St 55) (see Me 65, Appendix C). A 
convenient set of operators first given by Lakin includes 
the unit matrix, three linear combinations of the spin- 
one operators, and five second-rank tensor moments formed 
from linear combination of products of the spin-one oper­
ators. The advantages of this particular representation 
are that these irreducible operators transform in spin 
space just as the spherical harmonics transform in coord­
inate space, and further that the second-scattered inten­
sity may be simply expressed in terms of their expectation 
values, <Tq^>.
A wave function can only describe a fully polarized 
state (referred to as a "pure state"). The pure state 
spin wave function for a particle with arbitrary spin s
can be written:
2E a x 
m
(m)
(m)w her e  x a r e  t h e  2s + 1 p o s s i b l e  s t a t e s  w i t h  m a g n e t i c  
quan tum number  m, and am a r e  t h e  comp le x  a m p l i t u d e s  o f  
t h e s e  s t a t e s .
On t h e  o t h e r  hand ,  an u n p o l a r i z e d  o r  p a r t i a l l y  
p o l a r i z e d  beam o f  p a r t i c l e s  c a n n o t  be d e s c r i b e d  by a 
s i n g l e  wave f u n c t i o n  and i s  r e f e r r e d  t o  as a " m i x e d  
s t a t e " .  A mi xed  s t a t e  can be w r i t t e n  as an i n c o h e r e n t  
s u p e r p o s i t i o n  o f  p u r e  s t a t e s  and i s  c o n v e n i e n t l y  d e s c r i ­
bed by t h e  d e n s i t y  m a t r i x  (La 58,  p .  35)  t h e  e l e m e n t s  o f  
w h i c h  a r e  d e f i n e d  by (Fa 57,  e q u a t i o n  3 . 4 ) :
11 • z p ( n )  a . ( n )  a . ( n )  * 
n = l  1 J
where  N i s  t h e  number o f  p u r e  s t a t e s  p r e s e n t ,  a . ^ n  ^
t h e  a m p l i t u d e s  i n  t h e  e x p r e s s i o n  o f  t h e  n L p u r e  s t a t e ,  
and p ^ n  ^ t h e  w e i g h t  o f  t h e  n*'*1 p u r e  s t a t e ,  w i t h
f n }
l p v = 1.  Thus t h e  i n c o h e r e n t  s u p e r p o s i t i o n  i s  c a r r i e d
n
o u t  i n  t h e  f o r m a t i o n  o f  t h e  d e n s i t y  m a t r i x .  T h r e e  i m p o r t ­
a n t  c h a r a c t e r i s t i c s  o f  t h e  d e n s i t y  m a t r i x  p w h i c h  f o l l o w  
f r o m  i t s  d e f i n i t i o n  a r e :
3 .
( 1 ) Tr p = 1
( 2 ) P i s h e r m i t i a n
( 3 ) <0> = Tr  ( P0)
w he re  t h e  symbol 0 i s an a r b i t r a r y  o p e r a t o r ,  and <0>
i t s  e x p e c t a t i o n  v a l u e .  The d e n s i t y  m a t r i x  g i v e s  com­
p l e t e  i n f o r m a t i o n  on t h e  o r i e n t a t i o n  s t a t e  o f  a s y s t e m  
o f  p a r t i c l e s  w i t h  a r b i t r a r y  s p i n .  A 2s + 1 by 2s + 1
h e r m i t i a n  m a t r i x  w i t h  u n i t  t r a c e ,  t h e r e f o r e  i n v o l v i n g  
2
(2s  + 1) -  1 r e a l  p a r a m e t e r s ,  i s  r e q u i r e d .
An a l t e r n a t e  method o f  p r e s e n t i n g  t h e  same i n f o r ­
m a t i o n  by t h e  use o f  s p i n  t e n s o r  moments was g i v e n  by 
Fano (Fa 5 7 ) .  These p a r a m e t e r s  wer e i n t r o d u c e d  t h r o u g h  
t h e i r  r e l a t i o n  t o  t h e  d e n s i t y  m a t r i x .  The c o e f f i c i e n t s  
i n  t h e  e x p a n s i o n  o f  t h e  d e n s i t y  m a t r i x  i n  t e rm s  o f  a 
c o m p l e t e  s e t  o f  o r t h o g o n a l  b a s i c  m a t r i c e s  o r  o p e r a t o r s ,  
c o m p l e t e l y  d e t e r m i n e  t h e  d e n s i t y  m a t r i x  and t h e r e f o r e  
may be used as p a r a m e t e r s  t o  s p e c i f y  t h e  s p i n  o r i e n t a t i o n  
s t a t e  o f  t h e  s y s t e m .  The s p i n  t e n s o r  moments a r e  c o e f f -
o
i c i e n t s  o f  t h i s  t y p e .  A s e t  o f  (2s  + 1 ) "  b a s i c  m a t r i c e s  
o r  o p e r a t o r s  U. i s  chosen  w i t h  t h e  o r t h o g o n a l i t y  c o n d i t -  
i on
4 .
T r ( U . U * )  = (2s  + 1)i k  I k
( + i n d i c a t e s  t h e  h e r m i t i a n  c o n j u g a t e )  and t h e  d e n s i t y  
m a t r i x  expanded as f o l l o w s :
p = £ a . U . +
i 1 1
M u l t i p l y i n g  t h r o u g h  by U^,  t h e n  t a k i n g  t h e  t r a c e  and 
a p p l y i n g  t h e  o r t h o g o n a l i t y  c o n d i t i o n ,  t h e  c o e f f i c i e n t s  
i n  t h e  e x p a n s i o n  a r e  f o u n d  t o  be j u s t  t h e  e x p e c t a t i o n  
v a l u e s  o f  t h e  U . ' s .  The b a s i c  e x p a n s i o n  o f  t h e  d e n s i t y  
m a t r i x  i s  t h u s :
p ■ 7 7 ^ 1 7  £ <uk> u k + ( i a )
where  t h e  e x p a n s i o n  c o e f f i c i e n t s  a r e  t h e  e x p e c t a t i o n  
v a l u e s  o f  t h e  s p i n  t e n s o r  moments.
In o r d e r  t o  a p p l y  t h i s  f o r m a l i s m  t o  t h e  case 
o f  p a r t i c l e s  o f  s p i n  one,  a s e t  o f  n i n e  o r t h o g o n a l  
o p e r a t o r s  must  be chosen  t o  s e r v e  as a b a s i s  f o r  t h e  
e x p a n s i o n  o f  t h e  d e n s i t y  m a t r i x .  The e x p e c t a t i o n  v a l u e  
o f  t h e s e  b a s i c  o p e r a t o r s  w i l l  t h e n  p r o v i d e  a c o m p l e t e  
d e s c r i p t i o n  o f  t h e  s p i n  s t a t e  o f  t h e  p a r t i c l e s .  The 
f o l l o w i n g  o p e r a t o r s  U| , (=T a r e  used he re  (La 5 5 ) :
5T 2+2= 2 (S x + ISy>
1+1 2CSx+iSy) T2 + l= -/2[<Sx+,Sy)V Sz<V ,Sy
O O
II
1
1—
1
—
1
t-
i
o
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/ h T20= J (3Kz " 2) ( 1 - 2)
1-1 + 2(Sx_iSy) T2-l-’?[ (Sx-,Sy>SZ+S2<Sx-tSy)]
T2-2= *2(Sx - ' V 2
The symbols Sx/, S and $, are the angular momentum 
matrices for spin one as given by Schiff in equation 
24.15 (Sc 55). The expectation value of T i s  related 
to the beam intensity and does not contain information 
on the spin states involved. In fact Tqq specifies the 
normalization, i.e., the trace of p. In general, part­
icles with spin S will have spin tensor moments of rank 
up to and including 2S. The first- and second-rank 
moments are referred to as the vector and tensor polar­
ization components respectively.
From the conjugation property (Sa 60a)
<Tq-k> = <-)k <Tqk>* (1*5 >
it is apparent that eight real numbers are required to
6 .
d e s c r i b e  t h e  most  g e n e r a l  s p i n - o n e  p o l a r i z a t i o n  s t a t e .
The a p p l i c a t i o n  o f  p a r i t y  and t i m e - r e v e r s a 1 r e s t r i c t i o n s
r e du c e s  t h i s  number t o  f o u r .  The above f o l l o w s  f r o m
t h e  g e n e r a l  f o r m u l a  (S i  53,  e q u a t i o n  3 . 2 )  w h i c h  r e l a t e s
i n c o m i n g  and o u t g o i n g  s p i n  t e n s o r  moments.
I f  a r i g h t - h a n d e d  c o o r d i n a t e  sys tem i s  chosen
w i t h  y a x i s  i n  t h e  d i r e c t i o n  k.  x k and t h e  zin o u t
a x i s  i n  t h e  d i r e c t i o n  kQ i | t , where  k * n and kQUt i n d i c a t e  
t h e  i n c o m i n g  and o u t g o i n g  beam d i r e c t i o n s ,  t h e  f o l l o w i n g  
r e s t r i c t i o n s  a p p l y :
(1) <T , > qk i s r e a l  i f  q i s  even
( 2 ) <T . > qk i s i mag in a  r y i f  q i s  odd
( 3) <T > qo = 0 i f  q i s odd
Thus 1 .3  and 1 . 4  r e d uc e  t h e  number o f  r e a l  p a r a m e t e r s  
c h a r a c t e r i z i n g  t h e  s p i n  s t a t e  o f  an o u t g o i n g  d e u t e r o n  
beam f r o m  a r e a c t i o n  ( o r  s c a t t e r i n g )  t o  i<T n ^ >,  <T9 q>/  
<T0^> and < T^ ?>. A c c o r d i n g  t o  S a t c h l e r  (Sa 60a)  t h e  
t h e o r e t i c a l  l i m i t s  imposed on t h e  v a l u e s  o f  t h e s e  p a r a ­
m e t e r s  a r e
7< i <TU > </|
^  <<T > <2 — ‘ 2 i - 2
" ^  <T20> ^
- *%< <t22> < ’f
(1.5)
The vector polarization i<T1;L> is proportional 
to the expectation value of the component of the spin 
operator in the y direction of the above right-handed 
coordinate system. The three tensor polarization com­
ponents involve quadratic combinations of components of 
the spin operator and hence are not so easy to picture. 
However/ <T2 q> can be thought of as a measure of the 
average spin projection on the z axis; i.e.
<T2 q> - b  (I a I I c I ^-2 IbI^) for a spinor of the form 
) *'(i) •
1.2 Measurement of Spin-One Polarization
The first of the two methods for the measurement 
of deuteron spin polarization described here involves 
double scattering. Deuterons produced either in a 
reaction or elastic scattering are scattered off a second 
target and the azimuthal angular distribution is measured. 
The cross section for deuteron scattering may be written
8a ( 0 2 ^ ) = a 1 + <T20>X<T20>2+2(<iTll>l<iTll>2
,(1 . 6 )
^ 21^ 1^ 21^ 2 ^ c o s ^  +  ^ ^ * 22'> 1^ 22'>2
where 4> is the azimuthal angle between the normals to 
the two scattering (or reaction and scattering) planes; 
<Tqk>l refers to the tensor moments after scattering 
(or reaction) of an unpolarized beam at an angle 0^  
by the first target; and <T 2 is the same quantity for 
the second target at an angle 02.
One difficulty with this method is that there is 
no analyzer available for which elastically scattered 
deuteron polarization has been measured or where the 
corresponding phase shifts are known sufficiently well 
to predict this polarization. Furthermore/ the differ­
ential cross section given by equation 1.6 when integrated 
over all 4> is not equal to the cross section for unpol­
arized incident deuterons. In fact, <T2q> determines 
this difference. This means that in order to measure 
<T20>/ a comparison must be made between the cross 
section for unpolarized and polarized incident beams. 
Finally/ the usual double scattering is not sufficient
9to separate the <iT^> ancl ^21* parts °f t*ie cos  ^
term in equation 1.6. To do this, it is necessary to 
perform second scattering of two differently polarized 
beams, one of which has been appreciably changed by the 
action of a large magnetic field between the first and 
second targets . The use of polarized ion sources in 
which case the deuteron spin axis and polarization can 
be oriented essentially arbitrarily is an alternate method 
of separating the parts in the cos <f> term of equation 
1.6.
Another method of analyzing deuteron polarization 
is by means of a reaction. In principle, any reaction 
with large enough analyzing power can serve the purpose 
providing its analyzing power is known experimentally or 
can be calculated. Galonsky et a 1. (Ga 59) observed, 
and Goldfarb (Go 59) calculated, that the reactions 
T(d,n)^He and 5He(d, p^He, when proceeding through the
TT 3  +respective J = j resonances, serve as efficient 
detectors of deuteron polarization.
•jf In a double scattering experiment, magnetic deflection 
between the scattering causes a transformation among the 
various <T2|<> components of polarization (Bu 60).
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The experimental evidence for the feasibility 
of the ^He(d/p)l|He reaction as a deuteron polarization 
analyzer can be summarized in the following way. A 
pronounced resonance is observed at a laboratory energy 
of about 425 keV (Bo 52, Ya 53, Ku 55, Po 58) and the 
angular distribution of the protons is isotropic up to 
800 keV. Resonance parameter fits to the cross section
7T 3  +indicate that the resonance occurs with J = , formed
by s-wave deuterons and emitting d-wave protons. Energies 
of the observed protons are of the order of 17 MeV since 
the reaction has a Q-value of the 18.354 MeV (La 66). The 
full width at half-maximum of the resonance is approx­
imately 500 keV so that the incident deuteron beam need 
not be well-defined in energy.
Assuming only one matrix element is involved it 
follows from the general equation given by Wei ton (We 63, 
equation 141) that the even-rank spin tensor moments of 
the reaction products are determined by the even-rank 
moments of the incident beam, whereas the odd-rank 
outgoing moments are determined by the odd-rank incoming 
moments. Since the differential cross section is a 
tensor of zero order it is regarded as an even-rank
11
moment/ i.e. it is a measure of the second rank (tensor) 
moments of the incoming deuteron beam. In order to 
obtain information on the deuteron vector polarization 
through this reaction the vector polarization of the 
outgoing protons must be measured (Se 62).
The above remarks apply to the mirror TCd/n^He 
reaction as wel1. (Its resonance occurs at a lab energy 
of 107 keV and the Q-value is 17.590 MeV (Le 66).)
In the experiments described in the following 
text deuteron tensor polarization was measured by slowing 
oriented deuterons to an energy that would ensure pre-
Tr 3 +dominance of the s-wave J = resonance/ and observing
the deviation from isotropy of the protons from the 
3 4resulting He(d/p) He reaction. However, the possibility 
of the presence of other channels in the energy region 
up to 1 MeV warrants the question as to the extent of 
the effect of such channels on the analyzing power of 
the reaction. This important point is discussed in 
some detail in the following section.
12
1.3 The Analyzing Power of the ^He(d>p)^He Reaction
The analyzing power of the ^HeCd,p)^He reaction 
for oriented deuterons, depends on the assumption that
this reaction is taking place exclusively through a
TT 3  +J = y level with incident s-wave deuterons and out­
going d-wave protons. A discussion on this assumption 
is given below.
As previously stated the observed angular dis­
tribution of the protons is isotropic up to 800 keV. 
States which lead to isotropic angular distributions are 
those with either J = y or £ = 0. Thus, considering the
spins of the incident particle (s 1) and the target
nucleus (s 2 ) the initial states must be either
doublets (channel spin y) or quartets (channel spin y).
The final states, however, can be achieved through only
one channel spin available (s' = -2 ), so they will be
3doublets. For initial channel spin y, the transitions
2
Dl/2 * Sl/2' andyielding isotropy are ^S^ 2  ^3/2' ^
4 2 1P-^^2 ** ^1 /2 ' f°r channel spin y, the transit
ions are S1/2 "■ 2s 1/2 and 2f>l/2 P1 /2 - Only two
values of the total angular momentum are possible in 
these transitions, and they are J = y and J = y.
13
Since the observed isotropy excludes any
possibility of mixing of any of the above transitions
there are only two feasible cases: one is that only
one of the above transitions is involved and the other
is that a single transition with initial channel spin
y and a single transition with initial channel spin y
are involved. The above is supported by the good fits
to the resonance in the ^He(d,p)^He total cross section
3 5obtained by assuming that a single J = y level in Li
is involved (Bo 52, Ya 53, Ku 55, Po 58). Furthermore,
the value of the maximum cross section at the resonance
is inconsistent with an assignment of J = y. Thus, it
has been concluded that the major contribution to the
4 2cross section is due to a $-5/2 *  ^3/2 trans't*on*
2 2However, a contribution from either a $ 1/2 * ^1/2
2 2transition or a ^\/2 Pl/2 trans't‘on (but not both) 
is not excluded.
McIntyre (Me 65) estimated the effect of the
7T 1  +s-wave J = y channel by evaluating the general 
equation relating differential cross section to incoming 
tensor moments (We 63, equation 146) assuming the
14
contribution of both = -|+ and = y + s-wave reaction 
matrix elements. The result is given in the following 
form:
a ( 0/^  ) = ~  R3/2 I +Y*Rl/2^ +t R3/2' +(R3/2Rl/2 + Rl/2R3/2)] x
(1.7)
3cos20-l) <T20> + v/3s i necosecoS(})<T21>-’/'|s in20cos2<f><T22>^  }
where X is the reduced de Broglie wavelength of the
incident deuteron and the Rj's are the reaction matrix
elements for the total angular momentum involved. The
orientation parameters are referred to a right handed
coordinate system similar to one described in section
1.1. The angle 0 is the c.m. reaction angle/ the
azimuthal angle <P is the angle between the y axis of
the incident orientation parameters and the direction 
->• -> ->
k{n * kQUt;/ where k-n is the direction of the incident 
deuterons and k t is the direction of the outgoing 
protons. Equation 1.7 can be rewritten as
ö (0, <t>)=ao U-fj^C3cos20-1 )<T2O>-/3sin0cos0cos4><T2^>
+ /| sin20cos2$<T22>] } (1.8)
where the unpolarized c.m. differential cross section
15
a  ,  and the f a c t o r  f  a r e  g i ven by
a o
f  = ( 1 . 9 )
Equat i ons  1 .7  and 1 . 9  r evea l  i n t e r e s t i n g  c h a r ­
a c t e r i s t i c s :  the u n p o l a r i z e d  cross s e c t i o n  does not
c o n t a i n  an i n t e r f e r e n c e  term;  the v e c t o r  p o l a r i z a t i o n  
does not  c o n t r i b u t e  to the p o l a r i z e d  cross s e c t i o n ;  
and a l l  the  terms c o n t a i n i n g  <T2 |<> a r e  m u l t i p l i e d  by 
the same f a c t o r  f  d e f i n e d  in e q ua t io n  1 . 9 .  In the
7T 1 +
absence of  a J = *r c o n t r i b u t i o n  f  has the v a l u e  one
2 1 A 2
and a0 = g" 1 ^3 / 2  ^ as e xPectecl f o r  a s i n g l e  channel  
case.  Thus,  the magni tude o f  the f a c t o r  f  g i v es  a
TT 1  +measure of  the e f f e c t  o f  a J = y  r e a c t i o n  m a t r i x  e l e ­
ment on the a n a l y z i n g  power of  the ^ H e ( d , p ) t+He r e a c t i o n .
TT I +
J = j  c o n t r i b u t i o n  M c I n t y r e  (Me 65)  used r e s u l t s  of  
the measurements o b t a i n e d  a t  the Car neg ie  I n s t i t u t i o n  
of  Washington (Br 66)  w i t h  p o l a r i z e d  deut erons from a 
p o l a r i z e d  ion s o u r c e .  Using p o l a r i z e d  de ut er ons  the
In o r d e r  to e s t i m a t e  the  magni tude o f  the
16
e = 0° - 0 = 90° anisotropy of protons from the
^He(d/p)^He reaction was measured as a function of
bombarding energy and was found to have a maximum
value of 1.25 instead of 1.27 as was expected. (The
ion source produced deuterons with only one non-zero
second-rank moment, namely <T2Q> = ~
observation led to the assumption that the reaction
was not pure J77 = y+ but that the deviation from the
7T 1  +expected anisotropy was entirely due to a J = -^ 
contribution. The result of these calculations yielded 
values of the factor f as a function of energy obtained 
from equation 1.8 using the measured values of the 
anisotropy. The conclusion drawn from the above cal­
culations is that, for the mean deuteron energy of about
TT 1  *500 keV, an upper limit of the effect of J = j channel
on the measured tensor moments is about 15%. This
implies that the values of deuteron tensor moments
3 4measured using the He(d,p) He reaction can be uni­
formly low by 15% at deuteron energy of 500 keV if a 
pure J7 = -|+ channel is assumed.
The results of McIntyre's calculations 
(Me 65) using measured 0 = 0° - 6 = 90° unpolarized
17.
anisotropy of 1.04 (Bo 52) for a p-wave contribution 
at 1140 keV, indicate a few percent effect on the pol­
arized cross section/ the effect decreasing towards 
lower energies due to the rapidly decreasing p-wave 
penetrability with energy. Furthermore/ the above 
results are confirmed by the measurements made at the
Carnegie Institution of Washington (Br 66) where the
3 4proton anisotropy from the He(d/p) He reaction was 
measured as a function of deuteron energy with the 
deuteron orientation axis both parallel and perpen­
dicular to the line of flight. As was expected, for 
purely s-wave deuterons, the angular distribution 
rotated 90° with the deuteron orientation axis up to 
the energies as high as 1200 keV. A significant 
p-wave contribution would presumably not permit this.
In conclusion, the above evidence indicates 
that in the case of the 5He(d,p)I+He reaction analyzer 
equation 1.8 can be regarded valid up to deuteron bom­
barding energy of at least 1 MeV. From the available 
data (Br 66) the value of the factor f in equation 1.8 
can be estimated to be about 0.85 for the mean deuteron 
energy of about 500 keV. A systematic error in the
18
factor f of 5% is expected to introduce an uncertainty 
of the same order in the measured values of <T2^>,
The effect of a p-wave contribution/ however, is 
expected to be insignificant providing the average 
deuteron bombarding energy is kept below 1 MeV.
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CHAPTER 2
DEUTEROM TENSOR POLARIZATION IN ALPHA-DEUTERON ELASTIC
SCATTERING.
2.1 Introduction
Deuteron-a1pha elastic scattering has been 
of interest for many years both from the point of 
view of obtaining information on energy levels in Li 
and from the view point of its potential usefulness 
in the production or analysis of polarized deuteron 
beams. In both cases a knowledge of the elastic 
scattering phase shifts is highly desirable. However/ 
when only cross section data are available/ phase shift 
analyses are frequently ambiguous, particularly at 
energies above a few MeV where the number of parameters 
to be determined is quite large. The orientation 
parameters provide additional constraints on the phase 
shifts and hence help to resolve these ambiguities. In 
this chapter measurements of the second-rank tensor 
polarization of deuterons from deuteron-a1pha scatter­
ing are presented.
The d-a elastic scattering differential cross
20
s e c t i o n  has been measured by a number o f  i n v e s t i g a t o r s  
f o r  b o m b a r d i n g  e n e r g i e s  be lo w a b o u t  10 MeV (Gu 47,  B1 49,  
A1 51,  Bu 52b,  La 53,  Ga 55a,  St  62,  Se 64a,  Oh 6 4 ) .  A 
s h a r p  r e s o na n ce  i s  o b s e r v e d  a t  a b om ba r d i ng  e n e r g y  o f  
1 . 0 7  MeV w h i c h  has been f o u n d  t o  c o r r e s p o n d  t o  a 3+
g
l e v e l  i n  Li  a t  an e x c i t a t i o n  e n e r g y  o f  2 . 18 4  MeV 
(La 53,  Ga 5 5 b ) .  A d d i t i o n a l  l e v e l s  w i t h  J 71 o f  2+ and 
1+ , and e x c i t a t i o n  e n e r g i e s  o f  4 . 5 7  and 5 .6 0  MeV r e s ­
p e c t i v e l y  have been p ro po s ed  t o  e x p l a i n  t h e  b r o a d  
anoma ly  i n  t h e  c r o s s  s e c t i o n  f r o m  3 t o  6 MeV b o m b a r d i n g  
e n e r g y  (Ga 55b,  Se 64a,  Me 6 5 ) .
In e a r l i e r  phase s h i f t  a n a l y s e s  i n f o r m a t i o n  
was o b t a i n e d  on t h e  d - a  phase s h i f t s  by G a l o n s k y  and 
M c E l l i s t r e m  (Ga 55b)  i n  o b t a i n i n g  r e so na n ce  t h e o r y  f i t s  
t o  c r o s s  s e c t i o n  d a t a  b e l ow  4 . 6  MeV d e u t e r o n  e n e r g y  
and by Gammel,  H i l l  and T h a l e r  (Ga 60)  i n  a p p l y i n g  a 
model  o f  t h e  d - a  i n t e r a c t i o n  t o  c r o s s  s e c t i o n  m e a s u r e ­
ments  a t  8 and 1 0 .3  MeV. In t h e  case o f  t h e  l a t t e r  
a n a l y s i s ,  some o f  t h e  c r o s s  s e c t i o n  d a t a  (Bu 52b)  
used a r e  i n  s u b s t a n t i a l  d i s a g r e e m e n t  w i t h  more r e c e n t  
measurements  ( S t  62,  Se 64a,  Oh 6 4 ) .
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McIntyre and Haeberli (Me 64a) employed their 
tensor polarization measurements (Me 64b) and existing 
differential cross section data (B1 49/ Ga 55b/ St 62/
Oh 64/ Se 64b) to obtain a set of phase shifts spanning 
the deuteron energy range 2 to 10 MeV. Their analysis 
failed to confirm the existence of a p-wave resonance 
at excitation energy 7 to 9 MeV in Li/ which was indic­
ated in an earlier phase shift analysis by Senhouse and 
Tombrello (Se 64b). This result is not too surprising 
as only cross section data were used in the latter ana- 
lysis, and at higher energies a large number of parameters 
had to be determined from relatively limited experimental 
information. As it will be shown in section 2.4 at 
some energies and angles the polarization parameters 
computed from the two sets of phase shifts differ sig- 
nificant 1y.
Several measurements of the tensor polarization 
in d-a scattering have been made previously at deuteron 
energies between 1 and 11 MeV. Pondrom and Daughtry 
(Po 61b) obtained data around 1 MeV deuteron energy
for 6 = 45°. Seiler et al. (Se 64) measuredc. m. ---
2 2 .
d e u t e r o n  t e n s o r  p o l a r i z a t i o n  between 4 and 7 .5  MeV 
f o r  6 = 8 5 . 5 °  and M c I n t y r e  and H a e b e r l i  (Me 64b)
C  » 111 #
measured t h e  t e n s o r  moments between 2 and 9 MeV f o r  
f o u r  c . m .  a n g l e s  between 65°  and 1 2 0 . 2 ° .  In a d d i t i o n /  
i n f o r m a t i o n  has been o b t a i n e d  on t h e  v e c t o r  component  
o f  p o l a r i z a t i o n  by T r i e r  e t  a 1 . ( T r  65)  a t  d e u t e r o n  
e n e r g i e s  be tween 4 and 11 MeV f r o m  t h r e e  c . m.  a n g l e s  
between 65°  and 1 0 4 ° .  The l a t t e r  d a t a  were  o b t a i n e d  
u s i n g  a p o l a r i z e d  i on  s o u r c e .  A v e r y  r e c e n t  measurement  
o f  b o t h  v e c t o r  and t e n s o r  p o l a r i z a t i o n  r e p o r t e d  by 
A r v i e u x  e t  a 1 . ( A r  66)  p e r f o r m e d  w i t h  d e u t e r o n s  f r o m  
a p o l a r i z e d  i on  s o u r c e  on a ^He t a r g e t  i n  t h e  e n e r g y  
r e g i o n  a b o u t  20 MeV a t  c . m .  a n g l e s  up t o  1 2 0 ° /  has 
shown t h a t  h e l i u m  does n o t  a p p ea r  t o  be v e r y  e f f i c i e n t  
a n a l y z e r  o f  d e u t e r o n s  i n  t h a t  r e g i o n  i . e .  p o l a r i z a t i o n  
i s  s m a l l e r  t h a n  a t  l o w e r  e n e r g i e s .
The above measurements  o f  t h e  t e n s o r  p o l a r i z ­
a t i o n  p a r a m e t e r s  were  made by a c c e l e r a t i n g  d e u t e r o n s
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o n t o  a He gas t a r g e t /  and no d a t a  wer e o b t a i n e d  a t  
c .m .  a n g l e s  g r e a t e r  t ha n  1 2 0 . 2 ° .  To e x t e n d  t h e  meas­
u r e me n t s  t o  l a r g e r  a n g l e s  (up t o  180°  c . m . )  most  o f  t he  
r e s u l t s  p r e s e n t e d  h e r e  wer e  o b t a i n e d  by b o mb ar d in g
a deuterated polyethelene target with alpha particles 
and observing the tensor polarization of the recoiling 
deuterons. Four measurements were made in this manner 
at each of the lab. angles 0°/ 22.5° and 30° (corres­
ponding to c.m. angles 180°, 135° and 120° respectively) 
for alpha energies between 4.4 and 11.1 MeV. Additional 
measurements were made at c.m. angles 66.5° (three points)
and 85.8° (one point) by accelerating deuterons onto
4 oa He gas target and using lab scattering angles of 45.5
and 60°. These latter measurements overlap data obtained
previously at the University of Wisconsin (Se 64, Me 64b)
and were performed primarily for comparison with the
earlier work. Good agreement was obtained.
23.
2.2 Apparatus
2.2a Description of the Experimental Arrangement 
The arrangement used for the measurements is 
shown in figure 2.1. After energy analysis in a 90° 
magnet and collimation, a beam of particles from the 
A.N.U. tandem accelerator was allowed to strike the 
first target which was located centrally in a 10.5 cm
FIGURE 2 .1
A s c h e m a t i c  d i a g r a m  showi ng  t he  e x p e r i m e n t a l  
a r r a n g e m e n t  used i n  t h e  measur eme nt s .  The d i r e c t -  
i o n s  i n d i c a t e d  by kQ, and k p r e f e r  t o  t h e  bomb­
a r d i n g  p a r t i c l e ,  t h e  e m i t t e d  d e u t e r o n  f r o m  t h e  f i r s t
3 4t a r g e t ,  and t h e  p r o t o n s  f r o m  t he  H e ( d , p )  He r e a c t i o n ,  
r e s p e c t i v e 1y .
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diameter scattering chamber. The incoming beam was 
defined by a 2.4 mm circular aperture in a 0.5 mm thick 
tantalum disc, located 42 cm from the centre of the 
scattering chamber. For the gas target measurements a 
beam collimator of 1.5 mm diameter was used. A similar 
disc, used as an anti-seattering baffle and having a 
3.2 mm diameter aperture/ was located 32 cm behind the 
col 1imator.
A horizontal cross-sectional view of the 
experimental assembly is shown in figure 2.2. Details 
of the counter array are omitted in this diagram. A 
vertical cross-sectional view is shown in figure 2.3.
The main items in both figures are appropriately labelled.
The scattering chamber was mounted on the 
lower table as indicated in figure 2.3. The counter 
support and the ^He gas cell support were rigidly 
attached to the upper table, which was free to rotate 
about the scattering chamber. Thus, the geometry of 
the detectors with respect to the ^He gas target remained 
fixed for any first scattering (or reaction) angle.
This was a necessary feature required by the technique 
employing runs with gold as a first target to cancel 
geometry effects.
FIGURE 2 .2
A h o r i z o n t a l  c r o s s - s e c t i o n a l  v i e w  o f  t h e  a p p a r a t u s .  
D e t a i l s  o f  t he  c o u n t e r  c o l l i m a t o r s  and s u p p o r t  have 
been o m i t t e d .  The numbered p a r t s  a r e  (1 )  beam 
c o l l i m a t o r  and a n t i s e a t t e r i n g  b a f f l e /  (2 )  CD^ t a r g e t  
f o i l ,  ( 3 )  beam s t o p ,  ( 4)  Havar  f o i l /  ( 5 )  d e f i n i n g  s l i t /  
(6 )  5He c e l l ,  (7 )  Cs I c r y s t a l /  ( 8 )  l u c i t e  l i g h t  p i p e ,  
and ( 9)  p h o t o m u l t i p l i e r  t u b e .

FIGURE 2 .5
A v e r t i c a l  c r o s s - s e c t i o n a l  v i e w  o f  t he  a p p a r a t u s .
The a n n u l a r  Cs I c r y s t a l  in 0 = 0 ° ,  <j> = 0°  p o s i t i o n
4
was used f o r  d -  He s c a t t e r i n g  o n l y  as m e n t i o n e d  in t he  
t e x t .  The numbered p a r t s  a r e  ( 1)  s c a t t e r i n g  chamber  
( 2 )  CD2 t a r g e t  f o i l /  ( 3 )  a s s e m b l y  used in  r o t a t i n g  t h e  CD 
t a r g e t ,  ( 4 )  g o l d  t a r g e t  f o i l /  ( 3 )  ^Me c e l l /  ( 6 )  s q uar e  
Csl  c r y s t a l ,  ( 7 )  a n n u l a r  Csl  c r y s t a l ,  ( 8 )  l u c i t e  l i g h t  
p i p e ,  and (9 )  p h o t o m u l t i p l i e r  t u b e s .
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The scattering chamber was constructed from mild 
steel with an inside diameter of 10.5 cm and an internal 
height of 21 cm. Fixed windows, 2 cm high, were located 
at 15° intervals around both sides of the chamber, the 
windows on either side being offset so that the angle 
of observation could be varied in increments of 7.5°.
Each window had an angular acceptance of about 8.6°. A
ic6 micron Havar foil covered the windows and, during 
the measurements, all windows except the one in use 
were covered with a thin lead shield to eliminate 
background arising from the (d,p) reaction 
taking pi ace in air.
After leaving the scattering chamber through 
the 6 micron Havar foil deuterons produced in the first 
target penetrated about 8 mm of air and the suitably 
chosen slowing Mylar foil before entering the ^He cell 
through a second 6 micron Havar foil. The cell consisted 
of a 2.5 cm diameter hemisphere which was pressed from 
100 micron thick aluminium foil. Slits of various 
angular acceptances were located immediately in front 
of the cel 1.
* Hamilton Watch Co., Lancaster, Pennsylvania, U.S.A.
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Protons formed in the ^He(d/p)i|He reaction 
have a lab energy of approximately 17 MeV for a deut- 
eron energy of 800 keV. Before reaching the four Csl 
scintillation crystals located at the lab angles 
0 = 0°, <f> = 0° and 0 = 52.55°, «I» = 0°, 90° and 180°, 
protons lost approximately 1 MeV of energy passing 
through the aluminium hemisphere and 9 cm of air. 
Consequently/ in order to keep the neutron background 
to a minimum/ the Csl crystals were polished down to 
a thickness of 1.6 mm (which is sufficient to completely 
stop 16 MeV protons).
The crystals used were 2.5 x 2.5 cm square 
and were bonded with epoxy resin to 7 mm long lucite 
light pipes which were similarly attached to 5 cm 
diameter Dumont photomultiplier tubes. All crystals 
were covered by a thin light-tight foil. Tantalum 
collimators with 1.9 cm square holes in the centre 
were mounted directly over the crystals defining a 
polar angle of +, 6.2° subtended with respect to the 
centre of the ^He cell.
For the gas measurements an annular crystal, 
already described by Young (Yo 65), having a mean
27
polar angle of 16.9° was centred in the e = 0°, 4> = 0° 
position. The annular geometry was used to avoid det­
ecting direct protons from the (d, p) reaction in 
the first target due to a slight impurity of the ^He 
gas. The annular detector subtended a polar angle of 
X 1.5° with respect to the centre of the 5He cell.
The resolution of all the counters under experimental 
conditions was about 8%.
2.2b Targets and Absorber Foils.
The targets used in the measurements to be 
described were a ^He gas target/ a CD2 rotating-foi1
target/ a gold foil target/ and a ^He gas target.
4 4The He gas target was used in the d- He measure­
ments and was similar in design to that described by 
Brown et a 1. (Br 63). The deuterons entered and left 
the target through a 6 urn Havar foil. The diameter 
of the target was 7.6 mm, and it was operated at 
pressure of 12 atm. A rectangular 1.6 x 8 mm slit 
was attached to the target 7 mm from its centre which/ 
together with one located in front of the ^He cell/
28.
4defined the volume of the He target viewed by the 
^He cel 1.
For the measurements on a-d scattering a
rotating deuterated-polyethy1ene target was used. The
assembly is shown in figure 2.3 and has been described
by Young (Yo 65). The CD2 target* foil/ 1.6 mg/cm^
thick/ was positioned so that the normal to its surface
was parallel to the incident particle beam. To permit
the use of beams of sufficient intensity/ a thin film of
2aluminium (-0.01 mg/cm ) was evaporated onto both sides
of the target foil, and it was rotated at about 100
r.p.m, With rotation diameter of 2.4 cm/ no serious
deterioration of the target occurred with beam currents
up to 0.09 ya at an energy of 11 MeV for alpha beams.
It may be added that, aside from increasing the energy
spread slightly, the aluminium had no effect on the
27 29measurements since the Al(a/d) Si reaction has a 
large negative Q-value. By moving the assembly vert­
ically the gold-foil target .4.5 mg.cm5 thick could be 
brought into position when required. Deuteron beam 
currents of about 1 ya were used for d-Au runs.
U.S. Nuclear Corporation, Burbank, California, U.S.A.
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Details of the He gas target assembly are 
given in figure 2.4. A 6 micron Havar foil separated 
the gas volume of the cell from the atmosphere. Deut­
erons from the first target entered through this foil
3 4and protons from the He(d,p) He reaction emerged into 
the atmosphere through the hemisphere pressed from the 
100 micron aluminium foil. The gas target was assembled 
by attaching the aluminium cell with a Duppont adhesive 
(46951) to the piece labelled 1 in the figure 2.4. The 
6 micron Havar foil was similarly attached to the opposite 
side of the piece, and both were clamped as indicated.
At an operating pressure of 5.5 atm. the cell 
was sufficiently large to stop 900 keV deuterons. Rect­
angular slits which were located immediately in front 
of the cell defined an angular acceptance of approxim­
ately +2.7° for all measurements except those made at 
energies above 6 MeV and at  ^ = 0°. In the former 
case an angular acceptance of +1.4° was used. A circular 
slit of angular acceptance ±4.1° was used for the
1 ab 0 measurements.
In order to keep the mean deuteron energy 
below 1200 keV when these particles entered the 5He 
cell, Mylar foils of various thicknesses were placed
FIGURE 2.4
Details of the ^He gas target assembly. The 
numbered parts are (1) centre supporting piece to which 
the aluminium hemisphere and Havar foil were bonded/
(2) aluminium hemisphere, and (3) filling lead. The 
two outer pieces were used to clamp the hemisphere 
and Havar foil to opposite sides of part (1).
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between the two targets. Wo 1fenstein*s (Wo 49)
calculations for 7 MeV protons stopped in a foil, indie-
ated that the slowing down process should result in a
negligible change in the proton polarization (about one 
5part in 10 ). Thus, it was reasonable to assume that 
the slowing foils would not change the deuteron polar­
ization appreciably. Furthermore, the large spread in 
angle due to multiple scattering does not have any effect 
on the angular distribution of the protons from the 
^He(d,p)IfHe reaction since in a reaction induced by 
s-waves the angular distribution of the reaction products 
is independent of the incident beam direction.
The deuteron energy variation with scatter­
ing angle was quite severe (particularly at higher
energies). This energy spread not only results in
3 4lower proton yields from the He(d,p) He reaction but 
also introduces a spurious asymmetry into the yields 
because the effective centre of the ^He cell is shifted 
towards the small angle side of the cell. Additional 
Mylar foils of appropriate thickness, therefore, were 
placed over the ^He cell slit in such a way that the 
higher energy deuterons traversed a greater distance 
in the foil than the lower energy deuterons, thus tending
31 »
to partially compensate for the energy variation across 
the slit. To minimize broadening of the angular accept­
ance due to multiple scattering the Mylar slowing foils 
were attached directly to the slit of the ^He cell
over the compensating foils when the latter were used.
4With the slit system used for the He gas 
target measurements, the energy spread of the bombarding 
deuterons across the volume of the target viewed by 
the ^He cell was approximately 100 keV for a deuteron 
energy of 5 MeV. For the CD2 measurements the energy 
lost by the alpha particles in traversing the target 
varied from about 1*5 MeV at bombarding energy of 4.5 
MeV to about 0.75 MeV at 11.5 MeV. However, the energy 
spreads present in the measurements were substantially 
reduced by the technique employed in the experiment.
In particular, with the alpha bombarding energy set such 
that the mean deuteron energy in the ^He cell was about 
550 keV, alpha particles which penetrated to the rear 
part of the CD2 target before scattering produced deut­
erons of insufficient energy to pass through the slow­
ing foils and thus resulted in no proton yield from the 
^He cell. The computer program described in section 
2.3d was used to compute the mean energy of the bombarding 
alphas and to estimate the effective energy spread. The
32
results Indicate that the energy spread varied from
about 600 keV for the measurements at E = 4.45 MeVa
to about 200 keV for the measurements at 11.1 MeV.
Required thicknesses of the compensating 
foils for a given energy-angle combination were cal­
culated from range-energy relationships and they 
included the effects of the Havar foils and the air 
gap between the ^He cell and the scattering chamber. 
However/ the calculations ignored the deuteron energy 
spread due to thickness of the first target.
The energy variation across the 5He cell 
increases with energy. Thus at higher energies for 
some measurements the small slit system (+. 1.4°) was 
used. Furthermore, for measurements above 5 MeV the 
slit was divided vertically into four equal sections 
and compensating foils of the thickness increasing by 
a regular amount towards the small angle side of the 
slit were used. This technique, avoiding the use of 
thicker compensating foils over one half of the slit, 
provided a smoother and smaller deuteron energy vari­
ation across the slit. Slowing and compensating Mylar
?foils of up to 70 and 2.25 mg/cm thick respectively 
were used.
33
2.3 Experimental Procedure 
2.3a Data Collection
A block diagram of the electronics used 
in the polarization measurements is shown in figure 
2.5. Signals from each of the four photomultiplier 
tubes were amplified with a Franklin double-delay-line 
preamplifier-amplifier system. The outputs of the 
four amplifiers were mixed by a simple diode circuit 
and the resulting signal fed into an R.I.D.L. 400- 
channel analyzer. The memory of the analyzer was split 
into four 100-channel sections. Simultaneously, the 
outputs of each of the four amplifiers were fed into 
a separate Cosmic single channel analyzer. Pulses 
from the Cosmic outputs were used to route the signal 
pulses into the appropriate 100-channel quadrant of 
the analyzer. The same pulses were also used to gener­
ate gate pulses for the analyzer. The gating was required 
to prevent the accumulation of low energy signals below 
the discrimination levels, since these signals were not 
accompanied by routing pulses. To ensure that routing 
and memory of the system were working properly, pulses 
from each discriminator were scaled.
The scattering chamber, already described in
FIGURE 2.5
B l o c k  d i a g r a m  o f  t h e  e l e c t r o n i c s  used i n  t he
p o l a r i z a t i o n  measurements
D
E
TE
C
TO
R
 
II-
---
-P
R
E
A
M
P
.--
---
-A
M
P.
 r
t-
---
---
--
bl
S
C
R
M
IX
E
R
 
G
A
TE
 
P
U
LS
E
 
6o
»e
 
4
0
 0
---
--
1--
---
-1 
G
EN
ER
A
TO
R
 
C
H
A
N
N
EL
...
...
...
...
...
...
..
...
...
...
....
 
...
...
.1 
S
in
nn
i 
A
N
A
LY
ZE
R
34
section 2.2a/ was electrically insulated to allow 
monitoring of the incident beam current. For the 
measurements made at  ^ = 0°, the beam stop shown 
in figure 2.2 was replaced by an 11 micron Havar foil 
plus such additional foil as was necessary to stop 
the incident alpha beam.
It should be pointed out/ however/ that by 
operating four counters simultaneously/ the actual 
polarization measurements were independent of current 
integration. Nevertheless, a relative accuracy in the 
current integration of a few percent was required in 
the yield measurements with the purpose of setting the 
bombarding energy at which each polarization measurement 
was to be made (described in section 2.3b).
There were two types of measurements made.
4One was a polarization measurement with He or CD2 as 
first targets and was done for various bombarding 
energies of the incident beam and absorber foils deter­
mined as described in section 2.3b. The purpose of the 
second type of measurements was to normalize the yields 
of the four detectors in order to cancel, to first 
order, factors such as detector geometry. These
35.
measurements utilized the unoriented beam of deuterons
obtained by scattering 5.35 MeV deuterons from a 4.5 
2mg/cm gold foil. The normalization technique is dis­
cussed in section 2.3c.
A d-Au run at one of the three lab angles 
30°, 37.5° or 45° was made. in four runs, a total 
of about 35,000 counts in each counter was collected. 
Then the bombarding energy of the incident beam of 
particles was set as described in the following 
section. This was followed by a measurement of the 
proton yield from oriented deuterons in a series of 
approximately one-hour runs with a minimum total 
between 1000 arid 3000 counts in each counter. Runs 
with gold as the first target were repeated regularly.
The counting rate for the measurements with 
the CD2 target varied from about 40 to 130 counts per 
hour. There were two methods used for background 
measurements and they gave equivalent results. One
type of background runs was taken by replacing the
3 4He in the hemispherical cell with He and the other
3by inserting a thin foil in front of the He cell 
of sufficient thickness to stop the deuterons from the 
first target.
36
Some selected spectra from the polarization 
measurements are shown in figure 2.6 together with a 
typical spectrum obtained from d-Au runs. The most 
severe background encountered with the CD2 target was 
in detector 1 at 6 = 0°, $ = 0° position, and was less 
than 5% of the observed yields at 0^   ^= 0° for an 
alpha bombarding beam. At all other energy-angle 
combinations the background was found to be independent 
of the alpha beam and was - 1 count per hour in each 
counter.
4The counting rate for the He gas target 
varied between 100 and 300 counts per hour. There 
were two components of background measured in two 
different ways. Background due to neutrons was 
measured as in the case of the solid target above, 
by inserting a stopping foil in front of the 5He 
cell. However, the second component of background 
resulted from deuterons doubly scattered by the Havar 
foil on the 4He gas target. This was measured by 
replacing the 4He in the first target with hydrogen. 
Since deuterons scattered from hydrogen cannot be 
observed at angles greater than 30° because of the
FIGURE 2-6
S e l e c t e d  p u l s e - h e i g h t  a n a l y z e r  s p e c t r a .
-D
 
EL
A
ST
IC
 
SC
A
TT
ER
IN
G
 
A
LP
H
A
 E
N
ER
G
Y 
II
I 
M
eV
LA
B
 A
NG
LE
 0
°
13N NVH 0 /  SlNflOO 13NNVH0 /  SlNflOO
C
H
A
N
N
EL
37
kinematics of the scattering, this technique permitted 
measurement of the yield from foi1-scattered deuterons 
under the same conditions of foil bulging, etc., as were 
present in the data runs. The total background gener­
ally amounted to about 10% of the observed yields and 
in the worst case was about 18%.
At the end of each run the memory of the 400- 
channel analyzer, containing the four pulse-height 
spectra, was printed out on a tape and yields were 
obtained by summing the appropriate peaks with a desk 
calculator. Calculation of the first order deuteron 
tensor moments from these raw data is described in 
section 2.3c.
2.3b Determination of the Bombarding Energy.
The analysis of deuteron tensor polarization 
with the ^He(d,p)f+He reaction depends on the assumption 
thät only one reaction channel is involved, namely that 
associated with the 425 keV resonance. This implies 
that equation 1.8 can be correctly used to determine 
polarization parameters only if the deuterons incident 
on the ^He cell are predominantly s-wave, i.e. below
38.
approximately 1.2 MeV in energy. Thus, in the 
measurements described here, the accelerator energy 
was varied while the mean energy of the scattered 
deuterons at the entrance of the ^He cell was kept 
under 1.2 MeV, by using absorber foils as described 
i n sect ion 2.2b.
To determine the appropriate bombarding 
energy for each slowing foil-angle combination used, 
the proton yield from the ^He(d,p)^He reaction was 
measured as a function of incident beam energy. These 
measurements were then compared with theoretical yield 
curves calculated for each experimental arrangement, 
and a bombarding energy consistent with the s-wave 
requirement was selected.
In order to increase the counting rate, a 
large counter was placed in contact with the JHe cell 
for the yield measurements. It had the same design 
as did the Csl detectors used for the polarization 
measurements, except that it had an extended lucite 
light pipe (which enabled the crystal to reach the 
^He cell from the 0 = 0°, <j> = 0° position in the 
detector frame). The counting rate with this detector
39
was a b o u t  a f a c t o r  o f  4 l a r g e r  t h a n  t h e  combined 
c o u n t i n g  r a t e  o f  t h e  f o u r  Csl  d e t e c t o r s /  and t h u s  
speeded up t h e  b o m b a r d i n g  e n e r g y  s e t t i n g  p r o c e d u r e .
The t h e o r e t i c a l  y i e l d  c u r v e s  were  o b t a i n e d
by n u m e r i c a l l y  i n t e g r a t i n g  o v e r  t h e  f i r s t  t a r g e t
t h i c k n e s s ,  t h e  r e l e v a n t  vo lume o f  t h e  ^He c e l l ,  and
t h e  a r e a  o f  t h e  d e t e c t o r .  The c a l c u l a t i o n s  were  made
w i t h  a CDC-3600 c o m p u t e r  ( l a t e r ,  p r ogr ams  were  c o n v e r t e d
t o  IBM-360 c o m p u t e r ) ,  t a k i n g  i n t o  a c c o u n t  t h e  e n e r g y
l o s s  o f  p a r t i c l e s  t r a v e r s i n g  t h e  t a r g e t s ,  t h e  v a r i o u s
f o i l s ,  v a r i a t i o n  o f  c r o s s  s e c t i o n s  w i t h  e n e r g y  and
a n g l e ,  c .m .  t o  l a b  c o n v e r s i o n ,  and t h e  e x a c t  shape and
3
l o c a t i o n  o f  t h e  He c e l l  and Csl  d e t e c t o r .
T h i s  p r o c e d u r e  r e s u l t e d  i n  t h e  b om ba r d i ng  
e n e r g y  b e i n g  s e t  a t  a p o i n t  c o r r e s p o n d i n g  t o  40 t o  
60% o f  t h e  maximum y i e l d .  In g e n e r a l ,  t h e  l a r g e r  t h e  
d e u t e r o n  e n e r g y  s p r e a d  a c r o s s  t h e  c e l l ,  t h e  l o w e r  down 
on t h e  y i e l d  c u r v e  t h e  e n e r g y  had t o  be s e t .  The 
b o m b a r d i n g  e n e r g i e s  wer e  g e n e r a l l y  s e t  such t h a t  t h e  
mean d e u t e r o n  e n e r g y  i n  t h e  ^He c e l l  was a p p r o x i m a t e l y  
550 keV f o r  a - d  s c a t t e r i n g  m e as ur em en ts .  I t  may be 
added t h a t  t h e  c a l c u l a t i o n s  i n d i c a t e d  t h a t  a l m o s t  a l l
40
t h e  d e u t e r o n s  i n  t h e  c e l l  wer e  be low 1 .2  MeV in  
e n e r g y .
A s i m i l a r  p r o c e d u r e  was f o l l o w e d  in  s e t t i n g  
t h e  d e u t e r o n  b o m b a r d i n g  e n e r g y  f o r  t h e  d-Au n o r m a l i z ­
i n g  r u n s .  The e n e r g y  v a r i a t i o n  w i t h  a n g l e  i s  n e g l i g ­
i b l e  i n  t h i s  case and t h u s  t h e  b o m b a r d i n g  e n e r g y  was 
a d j u s t e d  so t h a t  a l l  d e u t e r o n s  had an e n e r g y  o f  a b o u t
800 keV a t  t h e  e n t r a n c e  o f  t h e  ^He c e l l .  For  t h e s e
2
r u n s ,  a s l o w i n g  M y l a r  f o i l  o f  1 7 . 5  mg/cm t h i c k n e s s  
and l a b  a n g l e s  o f  3 0 ° ,  5 7 . 5 °  and 45°  were  u se d.  These 
a r r a n g e m e n t s  r e s u l t e d  i n  t h e  b o m b a r d i n g  e n e r g y  s e t  
a t  a b o u t  5 .3 5  MeV w h i c h  c o u l d  be r e p r o d u c e d  w e l l  t h r o u g h ­
o u t  t h e  e n t i r e  m e a s ur e m en t s .  The d i f f e r e n t i a l  c r o s s  
s e c t i o n  measurements  o f  I go e t  a 1 . ( I g  61)  w i t h  E^=11 .8  
MeV i n d i c a t e  t h a t  t h e  d-Au s c a t t e r i n g  c r o s s  s e c t i o n  i s  
R u t h e r f o r d  up t o  an a n g l e  o f  5 0 ° .  T h i s ,  t h e n ,  s u p p o r t s  
t h e  a s s u m p t i o n  o f  u n o r i e n t e d  s c a t t e r e d  d e u t e r o n s  f r o m  
Au a t  E^ j = 5 .3 5  MeV and l a b  a n g l e s  o f  3 0 ° ,  3 7 . 5 °  and
I c o45 .
2 . 3 c  C a l c u l a t i o n  o f  P o l a r i z a t i o n  f r o m  C o u n t e r
Y i e l d s
In o r d e r  t o  c a l c u l a t e  t h e  t h r e e  s e c o n d - r a n k  
t e n s o r  moments o f  t h e  d e u t e r o n s  f r o m  t h e  f i r s t  t a r g e t
41.
incident on the 3He gas, yields in the four counters
detecting 3He(d,p)4He protons are compared. The
comparison is carried out by evaluating the expression
for the 3He(d,p)4He cross section for polarized incident
deuterons (equation 1.8) at each of the counter positions
by substituting the appropriate values of e and $. The
resulting four equations can be solved for <T > <T >2 0 '  N 21/'
<T22> and the unpolarized cross section aQ. If we
denote corresponding polarized cross section in detect- 
ors by
O ^  = a
oooov—r o 2 = a ( 5 4 . 7 ° , 0 ° )
° 3 =
results are
( 5 4 . 7 ° , 9 0 ° ) a 4 = ( 5 4 . 7 ° , 1 8 0 ° )
°o = 4 ( a 2 + 2o 3 + < V <T > - f l< T 20 > " f (1 - — } ,o (2.1)
<Toi> = rf ° 2  " ° 4 yT V /3 2o 3~° 2~° U21 4 f ao 22 4f a o
Since the differential cross section for unpolarized 
deuterons is expressed as a linear combination of pol­
arized differential cross sections at different counter 
positions, the expressions for the three tensor moments 
involve only ratios of linear combinations of polarized 
cross sections. Therefore, if the counters subtended
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identical solid angles from the 5He target, the
yields of each of the counters could be used directly
as the polarized differential cross section in equation
2.1 for the tensor moments since all factors relating
yield to cross sections would cancel.
Since in fact the counters were not identical,
the yields had to be normalized in order to cancel the
differences in solid angle. This normalization was
3 4accomplished by making use of the He(d,p) He protons
resulting from incident s-wave unpolarized deuterons
from d-Au elastic scattering as described in section
4 / q ^2.3a. Yield from a counter with He, CD2 'vor Be/as 
first targets was normalized by dividing it by the 
yield from that counter during a run with gold as the 
first target.
Ignoring the effects of finite geometry, the 
following expression for the ratio of the two yields 
in a detector is correct to first order (Yo 65):
R (0,4>) =c{l-f£^ <T20> (3c o s 2 0-1)-/3<T21>s i necos6cos<t>
/3 2 1 (2-2)+ 2 <T22> sinzecos2*J }
where c is a constant for all detectors and involves 
the number of bombarding particles, number of the first-
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target nuclei per unit volume, thickness of the first 
target, and lab cross section for the first scattering 
(or reaction) and d-Au scattering. For the annular 
detector an integration over $ (see equation 2.4) had 
to be performed resulting in elimination of the last 
two terms in equation 2.2. Thus, the three second- 
rank tensor moments were calculated from the following 
equations which were obtained in the same way as equat­
ions in (2.1) using the ratios rather than polarized 
differential cross sections in each detector
<T20> =
1 . 4 1 4 2  1 1 4 R i 1r 1f L A R2 + 2R3 + R.J
<T21> =
2 . 4 4 9 5  T * „ - * 2  1
f 1 R2+2R3+R4 J
<T22> =
1 . 7 3 2 1  r 4R3f L R2+2R3+R3
subscripts 1, 2, 3 and 4 refer
(2.3)
->1
detectors as labelled in figure 2.1.
To obtain the final values of the <T2^>, corr­
ections for finite geometry and known experimental 
asymmetries were made using an iterative procedure. In 
particular, using the values calculated from equation 
2.3, the yield from each detector was computed by
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numerically integrating over the experimental geometry, 
as will be described in more detail in the following 
section. The <T2 ^> were then varied until the experi­
mental data were reproduced. The magnitude of the 
differences between the first order and final values 
of ^ 2 ^  is discussed for individual cases in subseq­
uent chapters.
2.3d Experimental Uncertainties and Corrections 
The effect of the finite extent of the four 
detectors and ^He cell can be seen by an examination
of equation 1.8. This equation contains the trigonom-
2 2 etric functions (3 cos e -1), s i necosecosej) and sin 0
cos2<t> , which are to be evaluated at the ^He(d,p)^He
reaction polar and azimuthal angles corresponding to
the positions of the detectors. Since in fact the
detectors as well as the ^He target are finite, a range
of angles is viewed and hence a suitable mean value of
these functions must be calculated.
Although the normalization technique described
in the previous section eliminates spurious asymmetries
in first order approximation, an additional source of
false asymmetries arises from the difference in energy
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and i n t e n s i t y  v a r i a t i o n s  o f  t h e  i n c i d e n t  d e u t e r o n s
a c r o s s  t h e  e n t r a n c e  o f  t h e  c e l l  f o r  t h e  measurement
and n o r m a l i z a t i o n  r u n s .  The e f f e c t  r e s u l t s  i n  a
s h i f t  o f  t h e  e f f e c t i v e  c e n t r e  o f  t h e  ^He c e l l .
The c o o r d i n a t e  sys tem r e f e r r e d  t o  h e r e  i s  a
r i g h t - h a n d e d  s ys te m,  wher e  z a x i s  i s  p a r a l l e l  t o  t h e
- >
l a b  d i r e c t i o n  o f  t h e  e m i t t e d  d e u t e r o n s ,  k^ ( f i g u r e  2 . 1 ) .
The y a x i s  i s  d e f i n e d  by kQ x k ^ ;  i . e .  p e r p e n d i c u l a r
t o  t h e  s c a t t e r i n g  ( o r  r e a c t i o n )  p l a n e .  The mean
3
d e u t e r o n  e n e r g y  a t  t h e  e n t r a n c e  o f  t h e  He c e l l  i s  
g e n e r a l l y  n o t  q u i t e  t h e  same f o r  t h e  two c a s e s ,  and 
t h i s  can cause a s h i f t  o f  t h e  e f f e c t i v e  c e n t r e  i n  t h e  
z - d i r e c t i o n .  The e n e r g y  s p r e a d  due t o  t h e  f i r s t  t a r g e t  
t h i c k n e s s  i s  much s m a l l e r  i n  t h e  case o f  t h e  g o l d  
t a r g e t  w h i c h  can s h i f t  t h e  e f f e c t i v e  c e n t r e  i n  b o t h  
x -  and z - d i r e c t i o n  f r o m  t h e  g e o m e t r i c a l  c e n t r e  o f  t h e  
^He c e l l .  An a d d i t i o n a l  r ea son  f o r  a s h i f t  o f  t h e
3
e f f e c t i v e  c e n t r e  o f  t h e  He c e l l  i s  due t o  a d i f f e r e n c e  
i n  t h e  p o i n t  o f  o r i g i n a t i o n  o f  d e u t e r o n s  f o r  t h e  meas­
u r eme nt  and n o r m a l i z a t i o n  r u n s .  T h i s  i s  p o s s i b l e  b o t h  
because o f  d i s t o r t i o n  o f  t h e  f i r s t  t a r g e t  ( e s p e c i a l l y  i n  
t h e  case o f  CD2 t a r g e t )  and because o f  d i f f e r i n g  f o c u s i n g  
c o n d i t i o n s  p r e v a i l i n g  f o r  d i f f e r e n t  i n c i d e n t  p a r t i c l e  beams.
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In order to correct the first order tensor 
moments for above effects (with exception of the two 
latter effects) a numerical integration was performed 
with a CDC-3600 computer. (However, for the ^Be(p,d)^Be 
measurements the program was converted for use with an IBM 
360 computer.) The integration of the form
Y = nN^ N2Djdt-Ldt2a (0^ ab)dfi1J (E^, 0)o (E^, 6, (f>)dfi2 (2.4)
was performed over the appropriate region of the ^He 
cell. The four square crystal surfaces were divided 
into 4 area increments each, and the annulus (when 
used) was divided into 16 increments. Symbols in equat­
ion 2.4 are: n is the number of bombarding particles;
3N-j^ and N2 are the number of the first and He target 
nuclei per unit volume, respectively; t^ and t2 are 
respective thickness of the targets; D is the detection 
efficiency of the detectors; 0 (0 ^ ^ )  *s the lab cross 
section for the first scattering (or reaction); J(E^,0) 
is the c.m. to lab Jacobian for the ^He(d,p)**He reaction 
cross section; a(E^,0,4>) is the c.m. cross section for 
the ^He(d,p)^He reaction given by equation 1.8 with 
0 q ^E^) being a function of deuteron energy; and
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finally dft^  and d^2 are the lab solid angles.
Because of the thick targets used, the first
target was divided into 30 equal thickness increments
and the subsequent integration over the ^He cell and
the four detectors was carried out for each deuteron
energy which varied with the increment of origination
in the target. Having calculated the deuteron energy
corresponding to a given thickness increment, the
coordinate system of the <T^ (<> was rotated appropriately
for scattering into any volume increment of the ^He
cell, and the position angles of each volume increment
were determined accordingly. The deuteron energy at
the centre of the volume increment was determined from
3the range-energy relationships of Havar, Mylar and He 
gas, taking into account the compensating foils. A 
similar yield calculation was performed for the gold 
target with <T2 >^ set to zero. Thus calculated norm­
alized yields were obtained. Using equation 1.8 for 
the polarized cross section of the 5He(d,p)^He reaction, 
the corrections d<T,^> necessary to make calculated and 
measured normalized yields equal were computed. Finally, 
the required adjustment of initial <T2 was carried 
out. The above procedure produced final tensor moments 
corrected for asymmetries due to all finite geometry
48,
effects.
A possible source of systematic error in the 
<T2k> measurements resulted from uncertainty in the 
factor f of equation 1.8. The values used in calcul­
ations performed in the above program were taken from 
the results of Brown et a 1. (Br 66) and were in the 
range 0.85 to 0.90, depending on the case involved.
The uncertainty in the value of f was estimated to be 
about 5% which resulted in a similar uncertainty in
<T2k>‘
Additional uncertainties in the meas­
urements resulted from uncertainties in the counter 
yields. A sufficient number of runs were taken at each 
datum point to determine the counter yields to a stat­
istical accuracy of between 2% and 4%. The yields of 
the normalization runs were determined to a statistical 
accuracy of about 1%. Assuming an uncertainty of 2.5% 
in the normalized yields, the resulting uncertainties 
when these numbers are combined to determine the tensor 
moments are approximately ± 0.050 for <T2q>, ± 0.025 for 
<T2i> and +. 0.035 for <T22>. The exact values depend on 
the magnitude of the tensor moments. The larger uncertainty
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in <T2q> results from the choice of angles at which 
the detectors were placed. These numbers generally 
characterize the statistical uncertainties of the results 
presented in the following chapters/ although uncert­
ainties different from these by a factor of two may be 
found. The statistical uncertainties associated with 
each measurement were calculated from equation 1.8 in 
the manner described in appendix A. Uncertainties in 
yields due to background in various cases were presented 
in section 2.3a and appropriate corrections were applied 
when necessary.
2.4 Results
The final values of the ^^2|<> for a-d elastic 
scattering are presented with the statistical errors in 
tables 2.1 and 2.2. In table 2.1 the tensor moments are 
referred to a coordinate system with the z axis in the 
lab direction of the recoiling or scattered deuteron 
beam. The results given in table 2.2 are referred to a 
coordinate system with the z axis along the initial 
deuteron direction in the d-a c.m. system. In both 
tables the y axis is as defined in figure 2.1. To obtain 
the values listed in table 2.2/ the z axis of the tensor
TABLE 2 .1
Measured v a l u e s  o f  t h e  t e n s o r  p o l a r i z a t i o n  o f
d e u t e r o n s  f r o m  a - d  e l a s t i c  s c a t t e r i n g .  The t e n s o r s
a r e  r e f e r r e d  t o  a c o o r d i n a t e  s ys te m  w i t h  t h e  z a x i s
in  t h e  l a b  d i r e c t i o n  o f  t h e  r e c o i l  ( o r  s c a t t e r e d )
- >  ->■
d e u t e r o n s .  The y a x i s  i s  t he  d i r e c t i o n  k x k .  wher e  
->
k and k ,  i n d i c a t e  t h e  i n i t i a l  beam and f i n a l  d e u t e r o n  o d
d i r e c t i o n s  i n  t h e  c .m.  s ys te m  o f  t h e  f i r s t  t a r g e t  ( see  
f i g u r e  2 . 1 ) .
TABLF 2 . 1
 ^1 ab 
(MeV)
6 1 ab 
( d e g )
6 c . m .
( d e g )
I n c i d e n t
P a r t i c l e <T2 0
> <T21 > <T 22 >
4 . 2 0 4 5 . 5 6 6 . 5 d 0 . 1 6 2 +_ . 053 - 0 . 0 9 3 +_ . 035 - 0 . 4 9 2 + . 039
4 . 9 9 4 5 . 5 6 6 . 5 d 0 . 0 8 6 + . 0 5 9 0 . 0 4 4 + . 037 - 0 . 2 8 1 + . 043
5 . 7 1 4 5 . 5 6 6 . 5 d 0 . 0 5 7 + . 061 - 0 . 0 9 4 _+ . 035 0 . 0 3 5 . 045
5 . 2 3 60 8 5 . 8 d 0 . 4 7 3 _+ . 057 - 0 . 0 3 6 _+ . 033 0 . 5 7 4 + . 043
4 . 4 5 30 120 a - 0 . 0 0 5 +_ . 0 7 6 - 0 . 0 6 0 +_ . 040 - 0 . 0 0 7 _+ . 049
5 . 3 0 30 120 a 0 . 0 0 7 +_ . 069 0 . 0 5 2 + . 037 - 0 . 0 1 8 . 045
7 . 8 0 30 120 a 0 . 1 1 9 +_ . 077 0 . 2 1 4 _+ . 046 - 0 . 4 4 3 . 052
9 . 1 5 30 120 a 0 . 1 2 9 + . 062 0 . 1 9 7 . 037 - 0 . 3 7 7 +_ . 042
4 . 6 5 2 2 . 5 135 a 0 . 0 2 9 + . 081 - 0 . 0 1 4 . 042 - 0 . 0 3 7 + . 052
6 . 9 5 2 2 . 5 135 a 0 . 0 4 5 _+ . 097 0 . 3 3 1 + . 052 - 0 . 1 1 9 _+ . 062
8 . 4 0 2 2 . 5 135 a 0 . 3 0 5 . 058 0 . 2 7 6 . 036 - 0 . 3 5 6 «f . 04  2
1 0 . 7 0 2 2 . 5 135 a 0 . 0 1 8 jf . 0 6 6 - 0 . 0 0 2 jf . 037 - 0 . 3 3 6 jf . 04  2
7 . 20 0 18 0 + a 0 . 4 6 0 . 064 - 0 . 0 0 1 _+ . 040 0 . 0 5 2 . 0 5 ?
8 . 15 0 180 + a 0 . 5 7 8 +_ . 0 5 3 - 0 . 0 3 7 . 038 0 . 0 2 5 _+ . 044
9 . 9 0 0 18 0 + a 0 . 3 6 6 _+ . 052 - 0 . 0 8 8 +_ . 032 0 . 0 3 7 jf . 03  )
1 1 . 1 0 0 180 + a 0 . 3 1 5 + . 0 7 7 - 0 . 0 3 7 + . 045 - 0 . 0 1 6 . 0 5 1
+ The mean c . m .  a n g l e  f o r  t h e  6 ^ ^ -  6°  m e a s u r e m e n t s  i s  1 7 5 ° .
TABLE 2 .2
R o t a t e d  v a l u e s  o f  t h e  t e n s o r  p o l a r i z a t i o n  o f
c l eu te r on s  f r o m  a - d  e l a s t i c  s c a t t e r i n g .  The t e n s o r s
a r e  r e f e r r e d  t o  a c o o r d i n a t e  sys t em w i t h  t he  z a x i s
in t h e  d i r e c t i o n  k and w i t h  t h e  y a x i s  in t h eo
- *  - +  - *  - *
d i r e c t i o n  k x k ,  where  k and k ,  i n d i c a t e  t he  i n i t -  o d o d
i a l  beam and f i n a l  d e u t e r o n  d i r e c t i o n s  in t h e  c . m .  
s ys tem o f  t h e  f i r s t  t a r g e t  ( see f i g u r e  2 . 1 ) .
TABLE 2 . 2
 ^1 ab 
(MeV)
0 1 ab 
( deg  )
6 „ _c . n .
( d e r )
1 n c i d e n t  
Pa r t i c 1 e <T20> <T2 1
> <T2 2>
4 . 2 0 4 5 . 5 6 6 . 5 d - 0 . 3 8 3  + . 051 - 0 . 3 4 3  + . 038 - 0 . 2 7 0  + . 038
4 . 9 9 4 5 . 5 6 6 . 5 d - 0 . 1 0 0  + . 054 - 0 . 1 9 5  + . 0 4 2 - 0 . 2 0 4  + . 041
5 . 7 1 4 5 . 5 6 6 . 5 d - 0 . 0 8 0  + . 052 - 0 . 0 1 6  + . 0 4 3 0 . 0 9 1  + . 041
5 . 2 3 60 8 5 . 8 d 0 . 4 3 0  + . 053 0 . 0 1 6  + . 0 3 9 0 . 5 9 2  ♦ . 0 4 0
4 . 4 5 30 120 a 0 . 0 5 9  + . 066 - 0 . 0 2 9  + . 0 5 0 - 0 . 0 3 3  + . 047
5 . 3 0 30 120 a - 0 . 0 1 4  + . 069 0 . 0 7 5  + . 0 3 7 0 . 0 1 8  + . 045
7 . 8 0 30 120 a - 0 . 2 8 8  + . 071 0 . 3 6 2  + . 0 5 2 - 0 . 2 7 7  + . 051
9 . 1 5 30 120 a - 0 . 2 4 3  + . 057 0 . 3 3 0  + . 0 4 2 - 0 . 2 2 5  + . 042
4 . 6 5 2 2 . 5 135 a 0 . 0 2 7  + . 074 0 . 0 1 6  jf . 0 5 0 - 0 . 0 3 7  + . 051
6 . 9 5 22 . 5 135 a - 0 . 2 7 3  + .0 89 0 . 2 9 6  + . 0 6 0 0 . 0 1 1  + . 061
8 . 4 0 2 2 . 5 135 a - 0 . 0 6 5  + . 055 0 . 4 5 3  + . 0 3 9 - 0 . 2 0 5  + . 041
1 0 . 7 0 2 2 . 5 135 a - 0 . 0 4 4  ± . 061 0 . 1 2 5  + . 041 - 0 . 3 1 0  + . 042
7 . 2 0 0 1 8 0 + a 0 . 4 6 0  + . 064 - 0 . 0 0 1  + . 0 4 0 0 . 0 5 2  + . 052
8 . 1 5 0 1 8 0 + a 0 . 5 7 8  + . 053 - 0 . 0 3 7  + . 038 0 . 0 2 5  + . 0 4 4
9 . 9 0 0 180 + a 0 . 3 6 6  + . 052 - 0 . 0 8 8  + . 0 3 2 0 . 0 3 7  + . 0 3 9
1 1 . 1 0 0 18 0 + a 0 . 3 1 5  + . 077 - 0 . 0 3 7  + . 0 4 5 - 0 . 0 1 6  + . 0 5 6
+The mean c . m .  a n ^ le f o r  the -  9 °  me asurem ent s i s  175 o
50..
moments of table 2.1 was rotated about the y axis 
through an Euler angle (Sa 60a) $ = - (180° - 0^  )^ 
for the measurements with an alpha bombarding beam 
and through ß = -  ^ for the measurements with a
deuteron bombarding beam (see appendix B).
A check on the accuracy of the results 
as well as on the presence of any serious spurious 
asymmetry is obtained with  ^= 0° measurements, 
because at this angle both <T2 >^ and <T22> ate ident- 
ically zero. From table 2.1, only one of the eight 
points differs from zero by more than one standard 
deviation.
In figures 2.7 and 2.8 the results obtained 
with a deuteron bombarding beam (closed circles) are 
compared to a portion of the data obtained by McIntyre 
and Haeberli (Me 64b, Me 65) at lab angles 45° and 60° 
(diamond-shaped symbols). The <T2 >^ in the diagrams 
are referred to the same coordinate system as in table 
2.1. The error bars represent statistical errors only. 
The greatest disagreement between the two sets of 
experimental data occurs with <T22> at = 60°
(figure 2.8), where the present experiment datum point 
appears to be about 20% greater than the earlier
FIGURE 2.7
The d e u t e r o n  t e n s o r  p o l a r i z a t i o n  measured a t  l a b  
o 4a n g l e  4 5 . 5  by b o mb ar d in g  a He gas t a r g e t  w i t h  d e u t e r -  
o ns .  The c l o s e d  c i r c l e s  i n d i c a t e  d a t a  f r o m  t h e  p r e s e n t  
e x p e r i m e n t ;  t he  d ia mo n d - s h a p e d  symb o l s  a r e  f r o m  r e f e r ­
ence Me 65.  The s o l i d  and dashed c u r v e s  wer e  computed 
f r o m  t h e  phase s h i f t s  i n  r e f e r e n c e s  Me 65 and Se 64a/
r e s p e c t i v e l y .
<TZ0>
< T Z I >
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FIGURE 2.8
The deuteron tensor polarization measured at lab 
angle 50° by bombarding a ^He gas target with 
deuterons. The closed circles indicate data from 
the present experiment; the diamond-shaped symbols 
are from reference Me 65. The solid and dashed curves 
were computed from the phase shifts given in references 
Me 65 and Se 64a, respectively.
4He(d,d)4He
0LAB
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measurements. However/ this is understandable in view 
of the fact that in the latter data a value of unity was 
used for factor f in equation 1.8. This implies that 
McIntyre and Haeberli results are expected to be of the 
order of 10-15% less in magnitude than the present 
results. An adjustment of this order generally improves 
the agreement between the two sets of data. The curves 
shown in the figures were calculated from the phase 
shifts of McIntyre and Haeberli (Me 64a/ Me 65) (solid 
curves) and Senhouse and Tombrello (Se 64b7 Se 64a) 
broken curves (see appendix C). In the case of the 
former/ the diamond-shaped symbols represent part of 
the data used in obtaining the phase shifts. It should 
also be pointed out that to make ca 1cu1 ations,smooth 
curves were fitted to the phase shifts given in refer­
ences Me 65 and Se 64a.
In figures 2.9 - 2.11 the results obtained 
in the present experiment with an alpha bombarding 
beam are given along with the computed curves. The 
diamond-shaped symbols in figure 2.9 represent data 
obtained by McIntyre and Haeberli at a deuteron energy 
of 4.85 MeV. These data were taken at a lab angle of
FIGURE 2 .9
The d e u t e r o n  t e n s o r  p o l a r i z a t i o n  measured a t  l a b  
a n g l e  30°  by b o mb ar d in g  a CD2 t a r g e t  w i t h  a l p h a s .  
The c l o s e d  c i r c l e s  i n d i c a t e  d a t a  f r o m  t h e  p r e s e n t  
e x p e r i m e n t ;  t h e  d i a m o n d - s h a p e d  symbo l s  a r e  f r o m  
r e f e r e n c e  Me 65.  The s o l i d  and dashed c u r v e s  were 
computed f r o m  t he  phase s h i f t s  g i v e n  i n  r e f e r e n c e s  
Me 65 and Se 64a/  r e s p e c t i v e l y .
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FIGURE2.10
The deuteron tensor polarization measured at lab 
angle 22.5° by bombarding a CD^ target with alphas. 
The solid and dashed curves were computed from the 
phase shifts given in references Me 65 and Se 04a, 
respective1y.
D(a, d)4He
®LA8* 22-5° 
9 cm. *  135*
ALPHA ENERGY (MeV)
FIGURE 2 .1 1
The d e u t e r o n  t e n s o r  p o l a r i z a t i o n  measur ed  a t  l a b  
a n g l e  0°  by b o m ba r d i n g  a CD^ t a r g e t  w i t h  a l p h a s .  The 
s o l i d  and dashed c u r v e s  were computed f r o m  t h e  phase 
s h i f t s  g i v e n  in  r e f e r e n c e s  Me 65 and Se 64a/  r e s p e c t ­
i v e l y .
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90° (e = 120.2°) and have been rotated throughG • I • I •
ß = +60° for comparison in the present coordinate 
system. The experimental data in figures 2.9 - 2.11 
generally support the phase shifts of McIntyre and 
Haeberl i although some quantitative disagreement does 
exist. The values of <T2q> computed from the phase 
shifts of Senhouse and Tombrello are systematically 
too large at the lower bombarding energies.
2.5 Discussion and Conclusion
Although the normalization technique with 
gold runs described in section 2.3c eliminated spurious 
asymmetries in the first order approximation/ additional 
sources of false asymmetries discussed in section 2.3d 
do exist and can be summarized as follows: changes in
the origin of the deuterons between the measurement and 
normalization runs; changes in energy and intensity of
3the incident deuterons across the entrance of the He 
cell for the two types of runs; differences in the 
mean deuteron energy at the entrance of the cell for 
the two cases; and the smaller energy spread due to the 
first target thickness in the case of the gold target. 
These effects and the angular dependence of the a-d and
. .
*
............................................................................................................................ •  -
-
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d-Au cross sections were fully taken into account in 
the iterative procedure used to determine the <T2k>.
The typical magnitude of difference between the first 
order and final values were 0.010 for <T2 >^ anc* ^T22> 
and 0.060 for <T2q>. These values correspond to a 
shift in the effective centre of the ^He cell by about 
5% of the target width in the positive z direction 
and about 1% the target width in the x direction. If
it is assumed that the correction of the first order 
values is accurate to only 50%, a maximum error of 
± 0.035 is obtained for <T2Q> and ± 0.015 for <T2 >^
and <T22>. Taking into account an estimated system­
atic error in the factor f (equation 1.8) of 5% there 
is an additional 5% uncertainty in the final values 
of <T2k>.
From the quite large values of tensor polar­
ization observed in a-d elastic scattering at several 
energy-angle combinations it may be concluded that the 
analysis of deuteron polarization by elastic scattering 
from ^He is feasible. Fairly large polarizations found 
in several regions vary slowly with energy (which is a 
desirable property for an analyzer). The moment <T2 >^
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is essentially zero (or small) for most of the measure­
ments. This feature indicates an interesting effect 
on the results of a double scattering experiment. Namely/ 
if the vector polarization in a-d scattering is known, 
unknown deuteron vector polarization can be determined 
by a simple left-right asymmetry measurement. However, 
an unknown < T ^ > can not be determined. Finally, 
qualitative agreement between the experimental data 
presented in the previous section and parameters cal­
culated from the phase shifts of references Me 64a 
and Me 65 confirm the validity of this set of phase 
shifts. Although, a further adjustment of the phase 
shifts would be required to improve the quantitative 
agreement, it is indicated by the results that the 2+ 
and 1+ assignment (Me 64a, Me 65) for the öLi levels 
using the above phase shifts in the considered energy 
region is correct.
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CHAPTER 5
DEUTERON TENSOR POLARIZATION IN PROTON-DEUTERON ELASTIC
SCATTERING.
5.1 INTRODUCTION
The elastic scattering of nucleons from deuterons 
offers a convenient method for studying the important three- 
nucleon system. Measurements of the nucleon on deuteron 
polarization can be particularly useful in determining the 
importance of spin-orbit or tensor terms in the interaction.
In addition, p-d and n-d scattering provides an approach to 
the extraction of information on the neutron-neutron force 
law using the three-body system as the simplest system 
avai1able.
Satisfactory fits to n-d and p-d angular distrib­
ution data, based on the resonating group method, have been 
obtained by using ve1ocity-independent central forces only and 
by assuming that the deuteron is not distorted in the inter­
action (Bu 41, Bu 52a, Ch 55, Ma 53, Bo 55, Ca 55, Se 57).
Such forces, however, result in predictions of zero polariz­
ation for both the nucleon and the recoil deuteron. This 
is contrary to the published data (El 62, Wa 63, Co 64, Co 65, 
Ha 65), which indicate the presence of small but non-zero 
values of the nucleon polarization at energies below 10 MeV 
and increasingly larger values at higher energies and part­
icularly at backward scattering angles.
5 6 .
Both s p i n - o r b i t  and t e n s o r  t e r ms  c o u l d  l e a d  t o  
n u c l e o n  and d e u t e r o n  p o l a r i z a t i o n  i f  i n c l u d e d  i n  t h e  num­
e r i c a l  c a l c u l a t i o n s .  A r e s o n a t i n g  g r o u p  f o r m a l i s m  w h i c h  
i n c l u d e d  t e n s o r  ( b u t  n o t  s p i n - o r b i t )  f o r c e s  has been 
p u b l i s h e d  ( B r  58) b u t  n u m e r i c a l  r e s u l t s  have n o t  y e t  
a p p e a r e d .  The p r o b l e m  has a l s o  been f o r m u l a t e d  w i t h  a 
s p i n -  o r b i t  ( b u t  n o t  t e n s o r )  f o r c e  (Bo 61)  b u t  a g a i n  no 
n u m e r i c a l  r e s u l t s  have a p p e a r e d .  A more a p p r o x i m a t e  c a l ­
c u l a t i o n ,  i n  w h i c h  t h e  exchange  o f  t h e  two l i k e  n u c l e o n s  
i s  n o t  t a k e n  i n t o  a c c o u n t ,  has been p u b l i s h e d  (De 59,  De 
6 2 ) .  A l t h o u g h  t h i s  c a l c u l a t i o n  p r e d i c t s  l a r g e  v a l u e s  o f  
t e n s o r  moments and does t a k e  i n t o  a c c o u n t ,  t o  some e x t e n t ,  
t h e  d i s t o r t i o n  o f  t h e  d e u t e r o n  i n  t h e  s c a t t e r i n g  and i n c l u d e s  
a t e n s o r  f o r c e ,  t h e  model  i s  a s i m p l e  one and i s  e x p e c t e d  t o  
g i v e  o n l y  q u a l i t a t i v e  r e s u l t s  (De 5 9 ) .  F i n a l l y ,  a c a l c u l ­
a t i o n  u s i n g  r e s o n a t i n g  g ro up  f o r m a l i s m  and n e g l e c t i n g  b o t h  
t e n s o r  and s p i n - o r b i t  t e r m s ,  b u t  t a k i n g  i n t o  a c c o u n t  t h e  
d - s t a t e  a d m i x t u r e  i n  t h e  d e u t e r o n  wave f u n c t i o n ,  has been 
p e r f o r m e d  (Ra 6 6 ) .  A l t h o u g h  t h e  n o n - z e r o  d e u t e r o n  t e n s o r  
moments was a s i g n i f i c a n t  r e s u l t  o f  t h e  n u m e r i c a l  c a l c u l a t i o n ,  
t h e  a gr ee me nt  w i t h  t h e  e x p e r i m e n t a l  d a t a  p r e s e n t e d  h e r e  i s  
r a t h e r  p o o r ,  e s p e c i a l l y  t h a t  t a k e n  a t  a l a b  a n g l e  o f  4 5 ° .
The p oor  a gr ee me nt  be tween t h e  c a l c u l a t i o n  and t h e  d a t a  
i n d i c a t e s  t h e  n e c e s s i t y  f o r  t h e  i n c l u s i o n  o f  s p i n - o r b i t  and
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t e n s o r  f o r c e s  in  t he  above mo de l ( Ra  6 6 ) .
P u b l i s h e d  d a t a  on t h e  d e u t e r o n  p o l a r i z a t i o n  in
n u c 1e o n - d e u t e r o n  s c a t t e r i n g  a r e  somewhat  l i m i t e d .  At  a
p r o t o n  e n e r g y  o f  22 MeV, n o n - z e r o  v a l u e s  o f  some o f  t he
d e u t e r o n  t e n s o r  p o l a r i z a t i o n  p a r a m e t e r s  have been fo u nd
f o r  c .m .  a n g l e s  between 60°  and 120°  (Be 6 3 ) .
In t he  p r e s e n t  e x p e r i m e n t  s e c o n d - r a n k  t e n s o r
p o l a r i z a t i o n  moments o f  t h e  r e c o i l  d e u t e r o n s  f r o m  p- d
e l a s t i c  s c a t t e r i n g  have been measured a t  f i v e  e n e r g i e s
between 3 . 4  and 9 . 8  MeV f o r  e, , = 2 2 . 5 °  (0 = 1 3 5 ° ) ,l ab  c .m .
a t  s i x  e n e r g i e s  between 4 and 9 . 8  MeV f o r  6^ ^ = 30°
(0 = 1 2 0 ° ) ,  and a t  t h r e e  e n e r g i e s  between 6 and 9 MeV
C • i n *
f o r  9.  , = 45°  (6 m = 9 0 ° ) .l a b  c . m .
5 . 2  E x p e r i m e n t a l  D e t a i l s  and R e s u l t s
W i t h  e x c e p t i o n  o f  a f ew e x p e r i m e n t a l  d e t a i l s  t h e  
a p p a r a t u s  and method used f o r  t h e  measurements  o f  d e u t e r o n  
t e n s o r  p o l a r i z a t i o n  i n  p - d  e l a s t i c  s c a t t e r i n g  was i d e n t i c a l  
t o  t h e  one d e s c r i b e d  f o r  t h e  a -d  e l a s t i c  s c a t t e r i n g  meas­
u r e me n t s  i n  t h e  p r e v i o u s  c h a p t e r .
2
The r o t a t i n g  CD^ t a r g e t  f o i l ,  1 . 6  mg/cm t h i c k /  
was p o s i t i o n e d  so t h a t  t h e  normal  t o  i t s  s u r f a c e  was p a r a l l e l  
t o  t h e  o u t g o i n g  d e u t e r o n s .  The r o t a t i o n  d i a m e t e r
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employed was 1.9 c.m. Thus, no serious deterioration of 
the target occurred with proton beam currents up to 0.25 ya 
at Ep = 4 MeV. For the higher energy points taken at 45° 
lab angle the proton beam current was increased to about 
0.8 ya. In order to minimise the effect of the deuteron 
energy variation with scattering angle at proton energies 
above 6 MeV (which was quite severe) the slit in front of 
the ^He cell had an acceptance angle of +. 1.4°. For the 
same reason the slit was divided vertically into four equal 
sections and compensating foils of the thickness increasing 
by a regular amount towards the small angle side of the 
slit were used. The resulting energy spread varied from 
150 keV at Ep = 3.5 MeV to about 50 keV at 9.8 meV proton 
energy. The mean deuteron energy in the ^He cell was 
approximately 450 keV. The counting rate with the CD2 
target in this case varied from about 70 to 900 counts 
per hour. The background corrections amounted to only 2% 
for the worst cases.
The final values of the <T2[<> ^or p”cl e a^st'c scatt­
ering are presented with the statistical errors in tables 
3.1 and 3.2. In table 3.1 the tensor moments are referred 
to a coordinate system with the z axis in the lab direction 
of the recoiling deuteron beam. In table 3.2 the tensor
TABLE 5.1
Measured values of the tensor polarization of
deuterons from p-d elastic scattering. The
tensors are referred to a coordinate system with
the z-axis in the lab direction of the recoiling
deuterons . The y axis is in the direction 
-* -*
kQ x k^, (see figure 2.1).
TAP LF 3 . 1
F 1 ab 
(MeV)
9 l a b  
( He r )
e
c .m.
( d e r )
<T2 0 > <T21 > <T2 2'
3 . 4 0 2 2 . 5 135 0 . 0 9 4  ± . 0 3 7 C.03R + . 0 2 0 - 0 . 0 1 1  + 025
4 . 7 4 2 2 . 5 135 0 . 0 5 2  + . 0 4 0 - 0 . 0 4 4  + . 0 2 1 - 0 . 0 5 5  + . 026
5 . 7 9 2 2 . 5 135 0 . 0 0 8  + . 0 4 7 - 0 . 0 1 8  + . 0 2 5 - 0 . 0 6 8  + . 030
7 . 3 9 2 2 . 5 135 0 . 0 5 4  + . 0 5 4 - 0 . 0 1 4  ♦ . 0 3 0 - 0 . 0 8 6  + . 036
9 . 7 9 2 2 . 5 135 0 . 0 7 1  + . 062 - 0 . 0 5 2  + . 0 3 4 - 0 . 0 2 6  + . 041
4 . 0 6 30 120 0 . 0 2 0  ± . 0 4 3 - 0 . 0 3 2  ± . 0 3 0 - 0 . 0 7 1  + . 037
5 . 0 6 30 120 - 0 . 0 0 1  + . 0 5 2 - 0 . 0 0 1  +. . 0 3 3 - 0 . 1 1 4  + . 038
5 . 3 4 30 120 0 . 0 4 9  + . 0 5 2 - 0 . 0 5 6  i . 0 3 3 - 0 . 0 6 2  + . 039
6 . 6 4 30 120 0 . 0 1 7  + . 0 5 5 0 . 0 2 3  + . 0 3 0 - 0 . 0 7 2  ± . 0 3 6
8 . 1 2 30 120 - 0 . 0 8 5  + . 0 5 8 - 0 . 0 4 5  ± . 0 2 9 - 0 . 0 4 7  ± . 0 3 6
9 . 7 8 30 120 0 . 0 5 7  +. . 0 7 2 0 . 0 4 3  ± . 0 3 9 - 0 . 0 1 3  + . 0 4 7
5 . 1 0 45 90 - 0 . 1 2 9  + . 055 - 0 . 0 0 4  * . 0 3 1 - 0 . 0 1 6  + . 038
7 . 5 9 45 90 - 0 . 1 5 2  + . 0 5 5 - 0 . 0 0 9  + . 0 3 1 - 0 . 0 3 2  + . 0 3 9
8 . 6 9 45 90 - 0 . 0 7 8  + . 0 5 5 0 . 0 1 0  + . 0 3 2 - 0 . 0 4 8  + . 039
TABLE 3 . 2
R o t a t e d  v a l u e s  o f  t h e  t e n s o r  p o l a r i z a t i o n  o f
d e u t e r o n s  f r o m  p - d  e l a s t i c  s c a t t e r i n g .  The
t e n s o r s  a r e  r e f e r r e d  t o  a c o o r d i n a t e  sys tem w i t h
t h e  z a x i s  in  t h e  l a b  d i r e c t i o n  o f  t h e  b o mb ar d in g  
->
p r o t o n  beam k . The y a x i s  i s  i n  t h e  d i r e c t i o n  o
-*■  - >
kQ x k^ , ( see  f i g u r e  2 . 1 ) .
TABLF 3 . 2
E
l ab
(MeV)
6 1 ab  
( d e g )
e
c .m.  
( d e s )
< T 2 0 > < T 2 1 > < T 2 2
>
3 . 4 2 2 . 5 135 0 . 0 3 8  + . 0 3 4 - 0 . 0 7 2  + . 0 2 3 0 . 0 1 2  ± . 0 2 4
4 . 7 4 2 2 . 5 135 - 0 . 0 0 8  + . 0 3 6 - 0 . 0 7 3  + . 0 2 5 - 0 . 0 3 1  + . 0 2 6
5 . 7 9 2 2 . 5 135 - 0 . 0 2 2  + . 0 4 3 - 0 . 0 4 0  + . 0 2 9 - 0 . 0 5 6  + . 0 3 0
7 . 3 9 2 2 . 5 135 0 . 0 1 4  + . 0 5 0 - 0 . 0 6 4  + . 0 3 4 - 0 . 0 7 0  + . 0 3 5
9 . 7 9 2 2 . 5 135 0 . 0 0 6  + . 0 5 7 - 0 . 0 7 7  + . 0 3 9 0 . 0 0 0  + . 0 4 0
4 . 0 6 30 120 0 . 0 2 6  + . 0 4 6 - 0 . 0 2 5  + . 0 3 4 - 0 . 0 7 3  + . 0 3 6
5 . 0 6 30 120 - 0 . 0 3 4  + . 0 4 8 - 0 . 0 4 8  ± . 0 3 6 - 0 . 1 0 0  ± . 0 3 7
5 . 8 4 30 120 0 . 0 7 2  + . 0 4 8 - 0 . 0 2 5  + . 0 3 6 - 0 . 0 7 1  + . 0 3 8
6 . 6 4 30 120 0 . 0 1 3  + . 0 4 8 - 0 . 0 2 9  ± . 0 3 6 - 0 . 0 7 0  + . 0 3 5
8 . 1 2 30 120 - 0 . 1 1 6  + . 0 4 9 0 . 0 0 2  + . 0 3 7 - 0 . 0 3 4  ± . 0 3 5
9 . 7 8 30 120 0 . 0 7 8  + . 0 6 3 - 0 . 0 1 4  + . 0 4 7 - 0 . 0 2 1  + . 0 4 6
6 . 1 0 45 90 - 0 . 0 4 7  + . 0 4 7 0 . 0 7 1  + . 0 3 8 - 0 . 0 4 9  + . 0 3 7
7 . 5 9 45 90 - 0 . 0 6 9  + . 0 4 7 0 . 0 7 6  + . 0 3 9 - 0 . 0 6 6  ± . 0 3 7
8 . 6 9 45 90 - 0 . 0 3 7  + . 0 4 8 0 . 0 2 4  + . 0 3 9 - 0 . 0 6 5  + . 0 3 8
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moments are referred to a coordinate system with the z axis 
along the initial proton direction in the lab system. In
-y -y
both tables y axis is defined by kQ x as in figure 2.1.
To obtain the values listed in table 3.2/ the z axis of the
tensor moments in table 3.1 was rotated about the y axis
through on Euler angle (Sa 60a) 8 = -0^  Data from
table 3.1 taken at lab angles 22.5°, 30° and 45° are
shown in figures 3.1 - 3.3.
As can be seen in the figures/ the measured values
of the <T2 > are generally small although some non-zero
values of polarization are indicated. In the measurements
the most consistent deviation from zero polarization occurs
with <T2 2 > which is found to be of the order of -0.075 at
E = 7 MeV.P
3.3 Discussion and Conclusion
In determining the ^rom equation 1.8/ a
value for the factor f was estimated from the results of 
Brown et al. (Br 66) to be 0.89. This value corresponds
3to a mean deuteron energy in the He cell of 450 keV and 
is thought to be accurate to about 5%, Corrections were 
made to the <T£^> f°r geometry and known experimental
asymmetries by the iterative procedure described previously 
(section 2.3d). In the worst case the corrections for
FIGURE 5 . 1
The d e u t e r o n  t e n s o r  p o l a r i z a t i o n  measur ed  a t  l ab
a n g l e  2 2 . 5 °  (0  ^ = 135° )  by b o m b a r d i n g  a CD9 t a r g e tc • rn •
w i t h  p r o t o n s .
P -D  ELASTIC SCATTERING 
LABORATORY ANGLE 22 5®
PROTON ENERGY (MeV)
FIGURE 3 .2
The c l eu t eron  t e n s o r  p o l a r i z a t i o n  measured a t  l a b
a n g l e  30°  (e = 120° )  by b o m b a r d i n g  a CD9 t a r g e tC • 111 • z
w i t h  p r o t o n s
P - D  ELASTIC SCATTERING 
LABORATORY ANGLE 30°
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FIGURE 5 .3
The d e u t e r o n  t e n s o r  p o l a r i z a t i o n  measured a t  l ab
a n g l e  45°  (0 =90° )  by b o m b a r d i n g  a CD9 t a r g e tc • m • Z-
w i t h  p r o t o n s
P -D  ELASTIC SCATTERING 
LABORATORY ANGLE 4 5 °
PROTON ENERGY (MeV)
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<T2 2 > and < T ^ > amounted to about 30% of the statistical 
errors. For <^2 q> corrections of the order of 0.035 were 
required.
A rather rough comparison of the present measurements 
to the values calculated by Delves and Brown (De 59) can 
be carried out. Their calculation for neutron energy of 
3.25 MeV predicts the rather large value of “0.3 for 
<T 2 y^ at 90° c.m#/ almost zero for 120° c.m. and about +0.1 
at 135° c.m. The latter compares well with the present 
measurement taken at 3.4 MeV proton energy but not at 
higher energies. The value of < T i s  predicted to be 
zero (or very small) at all angles, and <T21> takes on 
rather large values of the order of + 0.15 at the three 
c.m. angles. Although there is some qualitative agreement 
between the experimental <T2 q> and the predictions of 
Delves and Brown model, there is little or no agreement in 
the case of < T > and ^ 22 ^ *  However, not much signif­
icance should be attached to this comparison because diff­
erent bombarding energies were involved in the present 
measurements and the above calculations.
On the other hand, the predictions of Ramachandran1s 
(Ra 66) calculations, mentioned in section 3.1, are in 
reasonable qualitative agreement with the present data
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taken at 120 c.m. The agreement is within the statist­
ical error bars from 4 up to 8 MeV proton bombarding energy 
but discrepencies become larger above 8 MeV. The theoret­
ical values of ^T^q> at 90° c.m. are much smaller than the 
data. Furthermore/ for these calculations/ in addition to
anc* ^ 22* f°r t i^e same frame °f reference as described 
in section 3.2 for table 3.1/ the vector polarization <T^> 
of the recoiling deuteron is also zero. This is expected 
to be the case because of the absence of higher order phase 
shifts from non-central terms in the low energy nucleon- 
nucleon interaction (Ra 66).
From the non-zero values of <T2 1,> at some energy 
- angle combinations, it is clear that the present data 
lead to the same qualitative conclusion as do the nucleon 
polarization that the inclusion of spin-orbit or tensor 
forces is necessary to describe low energy nucleon-deut- 
eron scattering. However, the effects of such forces are 
relatively sma11.
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CHAPTER 4
DEUTERON TENSOR POLARIZATION IN THE 9Be(p,d)8Be REACTION. 
4.1 Introduction
Polarization in direct reactions (stripping and 
pickup reactions) has become an increasingly useful method 
for studying the properties of nuclei. While angular 
distributions can be used to obtain orbital angular 
momenta from direct-interaction theory, polarization 
measurements can determine the total angular momentum of 
the states involved in these reactions. Furthermore, 
polarization measurements on the products of stripping 
and pickup reactions are of considerable importance for 
establishing the validity of current theories (Sa 58,
Vy 59, Go 60) of such reactions and determining the para­
meters involved in these theories.
Of particular interest to the study of direct 
reactions is the use of the distorted wave theory (Li 50, 
Ge 53, Br 59). This serves as an improvement over the 
use of the earlier plane wave Born approximation which 
ignores the distortion of the incoming and outgoing waves 
by the target and residual nuclei, respectively. If no 
spin-dependent interactions (spin-orbit coupling or tensor 
forces) are assumed to be present in the distorted wave
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Born approximation (DWBA) description of (p,d) reactions, 
only vector polarization of the outgoing deuterons will 
result (Go 60). Nevertheless, although the optical model 
includes a spin-orbit interaction this is usually ignored 
(To 59) on the grounds that its effect is relatively 
small. However, the importance of the spin-dependent 
interactions is indicated by the observation of substant­
ial polarizations in the elastic scattering of nucleons 
from nuclei. This is also supported by the observed mag­
nitude of the nucleon polarization produced in deuteron 
stripping reactions which exceeds the maximum value pre­
dicted by the theory when spin-dependent interactions are 
neglected (Go 61). If, on the other hand, the spin-dep­
endent interactions are included in the DWBA description 
of the (p,d) reaction the outgoing deuterons will exhibit 
second-rank tensor polarization in addition to vector pol­
arization. The above arguments indicate that the tensor 
polarization of deuterons from a (p,d) reaction may provide 
a useful method for investigation of the spin-dependent 
part of the interactions within the model chosen to 
describe the reaction.
Differential cross section measurements (Ha 51,
Ra 56, We 56, Re 61, Ya 64, Mo 65) on the ~*Be(p,d)^Be
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reaction (Q = 0.559 MeV) show quite strongly the direct 
nature of this reaction process. Aside from gradual 
narrowing of the forward peak with increasing bombarding 
energy, the shape and magnitude of the angular distrib­
utions up to about 60° do not change significantly over 
the proton energy range extending from 2.2 to about 10 MeV.
Two earlier measurements of the vector polarization
9 8of deuterons from the Be(p,d) Be reaction have been
reported. Lambert et a 1. (La 61) initiated D(d,p)^H
9 8with the deuterons from the Be(p,d) Be reaction and
measured deuteron vector polarization from the asymmetry
of the protons from the former reaction. Using stripping
theory without spin-dependent interactions, the second-
rank tensor polarization was ignored. Values of the
vector polarization of the order of + 10% (Basel con-
vention ) were obtained for deuterons emitted at lab
angles 30° and 90° for incident proton energy of 3 MeV.
Verbinski and Bokhari (Ve 66) carried out a similar experi-
12 13ment, using the C(d,p) C reaction as the analyzer, at 
a proton energy of 5 MeV and obtained values of of the 
order of 5% at lab angles 30° and 45° , and a value of
The outgoing polarization \§ considered positive if meas­
ured in the direction of k xk ,, where kQ and k^  are prop­
agation vectors as shown in figure 2.1.
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about -3% at a lab angle 60°. For both of these experi­
ments the validity of the results depended on the absence 
of the deuteron second-rank tensor polarization.
In order to establish the importance of spin- 
dependent interactions in the (P/d) process Darden and
Froelich (Da 65) measured tensor moments <T ^ o f  the
9 8deuterons from the Be(P/d) Be reaction. The measure­
ments were carried out for proton bombarding energies of 
2.5 and 3.7 MeV at ten-degree intervals for six lab emission 
angles between 0° and 50°. They found that the 
were generally negative with absolute magnitudes of the 
order of 0.2 or less. Their preliminary calculations of 
the <T2 >^ using DWBA with spin-orbit terms in the distorting 
potentials agreed in sign with the measured values but 
were consistently smaller than these by at least an order 
of magnitude.
With the purpose of extending the above measurements 
to higher energies (up to 10 MeV) the present experiment 
was carried out at the four incident proton energies 
4.91, 6.90, 8.27 and 9.80 MeV. Values of <T2 ^> were 
obtained at lab angles 22.5°, 30°, 45° and 60°. In addition, 
zero degree measurements were made at the two lower energies.
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4.2 Experimental Details and Results
With the exception of a few experimental details the
apparatus used for the measurements of deuteron tensor
9 8polarization in the Be(p/d) Be reaction was identical
to the one described in chapter 2.
A stainless steel target holder sliding through the
bottom lid of the scattering chamber was used to raise
beryllium and gold targets into position as required.
2To obtain reasonable yields/ a 4.6 mg/cm thick beryllium 
foil was used. Considerable energy spread in the outgoing 
deuterons is introduced by the use of thick foils because 
the deuteron energy loss in the foil exceeds that of the 
proton. This energy spread was minimized by proper choice 
of the angle between the normal to the plane of the bery­
llium foil and the direction of the incident proton beam.
3The rectangular slit in front of the He cell had an accept­
ance angle of ± 2.7° for all measurements except those 
made at = 0° where a circular slit of angular accept­
ance i 4.1° was used. The effect of the deuteron energy 
spread across the ^He cell slit is not so serious in this 
case because the deuteron energy varies slowly with angle
The Brush Beryllium Co. Cleveland/ Ohio/ U.S.A.
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(up to 45°). Thus covering half of the large slit was nec­
essary only at higher energies and larger angles. The 
resulting energy spread varied from 120 keV at Ep = 4.9 MeV 
to about 50 keV at 9.8 MeV. The mean deuteron energy in 
the ^He cell was approximately 490 keV. The method of 
monitoring the beam current for the ela(:) = 0° measurement 
described in chapter 2 could not be used in this case 
because emitted deuterons would have been stopped as well 
as the proton beam. Instead the proton beam was monitored 
from the first target support. The counting rate of protons 
from the '’He (d, p) ^ He analyzing reaction varied between 80 
and 500 counts per hour. The background corrections 
amounted to only 2% for the worst cases.
The final values of the <T2^> for the ^Be(p/d)8Be 
reaction are presented with statistical errors in tables
4.1 and 4.2. In table 4.1 the tensor moments are referred 
to a coordinate system with the z axis in the lab direction 
of the emitted deuteron beam. On the other hand/ in table
4.2 the tensor moments are referred to a coordinate system
with the z axis in the lab direction of the incident proton
- >  - >
beam. In both tables the y axis is defined by k x k, aso d
in figure 2.1. To obtain the values listed in table 4.2/ 
the z axis of the tensor moments of table 4.1 was rotated
TABLE 4 . 1
Measured v a l u e s  o f  t he  t e n s o r  p o l a r i z a t i o n  o f
9 8d e u t e r o n s  f r o m  t he  B e ( p , d )  Be r e a c t i o n .  I he
t e n s o r s  a r e  r e f e r r e d  t o  a c o o r d i n a t e  s ys t em  w i t h
t he  z a x i s  in  t h e  l a b  d i r e c t i o n  o f  t h e  r e a c t i o n
d e u t e r o n s  k ^ .  The y a x i s  i s  in t h e  d i r e c t i o n  
->
kQ x k^ (see f i g u r e  2 . 1 ) .
TAP.LF 4 .1
Elab
(MeV)
61 ab 
( d e p )
ec .m.
( dep)
<T20> <T21> <T22>
4.91 0 0 + - 0 . 1 0 6  + .046 0 .029  + .026 - 0 . 0 3 9  + .033
4.91 22.5 26 - 0 . 1 3 5  + .059 0 .092  + .030 - 0 . 0 4 0  + .036
4.91 30 34 .5 - 0 . 0 3 6  + .056 - 0 . 1 6 8  + .030 - 0 . 1 2 1  + .036
4 .91 45 51.5 - 0 . 2 7 7  + .064 - 0 . 2 0 3  + .031 - 0 . 1 5 7  + .039
4.91 60 68 - 0 . 4 4 1  + .075 - 0 . 1 5 9  + .035 - 0 . 1 5 6  + .043
6 .90 0 0 + 0 .10 0  + .065 0 .001  + .032 0 .030  + .039
6 .90 22.5 26 - 0 . 0 1 2  + .060 0 .107  + .032 - 0 . 1 5 5  + .040
6 .90 30 34 .5 0 .06 4  + .054 - 0 . 0 3 6  + .029 - 0 . 0 6 8  + .036
6 .90 45 51.5 - 0 . 0 1 3  + .056 0 .181  + .029 - 0 . 0 4 9  + .036
6 .90 60 68 - 0 . 3 0 7  + .066 0 .41 4  + .031 - 0 . 0 0 2  + .038
8 .27 22.5 26 C.006 + .059 0 .083  + .031 - 0 . 0 2 8  + .038
8 .27 30 34 . 5 - 0 . 0 0 6  + .058 0 .02 4  + .030 - 0 . 0 3 5  ♦ .037
8 .27 45 51 .5 - 0 . 0 2 1  + .060 0 .241  + .030 0 .090  + .038
8 .27 60 68 - 0 . 1 2 2  + .051 0 .363  + .024 0 .100  + .031
9 .80 22.5 26 - 0 . 0 1 8  + .067 0 .185  + .034 0 .060  + .042
9 . 80 30 34 . 5 - 0 . 1 3 1  + .077 - 0 . 1 2 1  + .038 - 0 . 0 3 0  + .047
9 .80 45 51.5 - 0 . 1 6 2  + .073 0 .045  + .035 0 . 0Q2 + .043
9 .80 60 68 - 0 . 3 0 9  + .083 0 .16 4  + .038 0 .128 ±  .047
The mean c . m.  a n p l e  f o r  t h e  6 ^ ^  = 0° meas ur em ent s  i s  ab o u t  2 . 5 ° .
4*
TABLE 4.2
Rotated values of the tensor polarization of deut-
9 8erons from the Be(p7d) Be reaction. I he tensors 
are referred to a coordinate system with the z axis 
in the lab direction of the bombarding proton beam 
kQ . The y axis is in the direction kQ x k^, (see 
figure 2.1).
TARLF 4 . 2
F l a b
(MeV)
6 1 a h  
( d e r )
0c . m .  
( d e r )
<T20 > <T2 1 > <T2 2>
4 . SI 0 0 + - 0 . 1 C 6  + . 0 4 6 0 . 0 2 9  + . 0 2 6 - 0 . 0 3 9  + . 0 3 3
4 . 9 1 2 2 . 5 26 - 0 . 0 3 3  + .060 0 . 1 1 0  + . 0 3 1 - 0 . 0 8 2  + . 0 2 5
4 . 9 1 30 3 4 . 5 - 0 . 2 3 8  + . 0 63 - 0 . 1 1 7  + . 0 2 4 - 0 . 0 3 8  + . 0 2 5
4 . 9 1 45 5 1 . 5 - 0 . 4 1 3  + . 06 8 0 . 0 9 1  + . 0 2 5 - 0 . 1 0 1  + . 0 2 6
4 . 9 1 60 68 - 0 . 2 5 7  + . 0 6 9 0 . 2 4 6  ♦ . 0 3 0 - 0 . 2 3 2  + . 0 2 8
6 . 9 0 0 0 + 0 . 1 0 0  + . 06 5 0 . 0 0 1  + . 0 3 2 0 . 0 3 0  ±  . 0 3 9
6 . 9 0 2 2 . 5 26 0 . 0 5 5  + . 0 5 6 0 . 0 2 6  + . 0 2 8 - 0 . 1 8 2  + . 0 2 6
6 . 9 0 30 3 4 . 5 - 0 . 0 1 9  + . 05 5 - 0 . 0 8 1  + . 0 3 1 - 0 . 0 3 4  + . 0 2 5
6 . 9 0 45 5 1 . 5 0 . 1 8 9  + 048 - 0 . 0 1 6  +. . 023 - 0 . 1 3 1  + . 0 2 5
6 . 9 0 60 68 0 . 4 7 6  + 039 - 0 . 0 4 5  + . 0 2 5 - 0 . 3 2 1  + . 0 2 6
8 . 2 7 2 2 . 5 26 0 . 0 7 1  + 056 0 . 0 4 7  + . 0 2 5 - 0 . 0 5 4  + . 0 2 6
8 . 2 7 30 3 4 . 5 0 . 0 1 0  + .053 0 . 0 0 0  +. . 0 2 4 - 0 . 0 4 2  + . 0 2 6
8 . 2 7 45 5 1 . 5 0 . 3 4 5  + . 0 46 0 . 0 5 8  ♦ . 0 2 4 - 0 . 0 6 0  + . 0 2 7
8 . 2 7 60 68 0 . 4 9 2  + . 04 0 - 0 . 0 7 3  + . 0 1 8 - 0 . 1 5 0  + . 0 2 2
9 . 8 0 2 2 . 5 26 0 . 1 5 7  + . 058 0 . 1 5 9  + . 0 2 8 - 0 . 0 1 2  + . 0 3 0
9 . 8 0 30 3 4 . 5 - 0 . 2 2 0  + . 08 0 - 0 . 0 0 4  + . 0 3 2 0 . 0 0 7  + . 0 5 3
9 . 8 0 45 5 1 . 5 0 . 0 7 1  + . 06 3 0 . 1 4 5  + . 0 3 5 - 0 . 0 0 3  + . 0 3 1
9 . 8 0 60 68 0 . 3 3 0  + . 0 55 0 . 1 3 8  + . 0 3 2 - 0 . 1 3 3  + . 0 3 3
+ The mean c . m .  a n r l e f o r  t h e = 0 °  m e a s u r e m e n t s  i s  a b o u t  2 . 5 ° .
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about the y axis through an Euler angle (Sa 60a) ß=“6]ab 
(see appendix B).
A check on the presence of any spurious asymmetry 
is provided by  ^ = 0° measurements since at this lab 
angle both <T^> and <T22> vanish. It is evident from 
table 4.1 that both measurements differ from zero by not 
much more than their statistical errors. This is an 
encouraging result as to the accuracy of the experiment.
Results obtained for average proton energies 4.91, 
6.90, 8.27 and 9.80 MeV are shown in figures 4.1 to 4.4 
respectively. The <T2 >^ have been plotted as a function 
of lab emission angle, 6^  and refer to the coordinate 
system of table 4.1# Only statistical uncertainties are 
indicated by the error bars in the figures.
From figures 4.1 to 4.4 it is evident that the tensor
9 8polarization of deuterons from the Be(p,d) Be reaction 
is considerably different from zero. The largest value 
of <T2(j> observed was -0.441, which corresponds to lab 
angle 60° and proton energy 4.91 MeV. <T2^> exhibits 
some large positive values the largest being 0.414 at
lab angle 60° for the proton energy of 6.90 MeV. The 
largest <T22> value of -0.157 was measured at lab angle: 
45° and 60° for proton energy 4.91 MeV. The similarity
FIGURE 4 . 1
The d e u t e r o n  t e n s o r  p o l a r i z a t i o n  measured by 
b o mba rd in g  a Be f o i l  w i t h  p r o t o n s  a t  t h e  bombard­
i ng  e n e r g y  o f  4 . 9 1  MeV.
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FIGURE 4 .2
The d e u t e r o n  t e n s o r  p o l a r i z a t i o n  measured  by 
b o mba rd in g  a Be f o i l  w i t h  p r o t o n s  a t  t h e  bombard­
i ng  e n e r g y  o f  6 . 9 0  MeV.
®Be(p,d)pBe Ep« 6-90 MeV
®LAB<degrees)
FIGURE 4 .5
The d e u t e r o n  t e n s o r  p o l a r i z a t i o n  measur ed  by 
b om ba r d i ng  a Be f o i l  w i t h  p r o t o n s  a t  t h e  bombard­
i ng  e n e r g y  o f  8 .2  7 MeV.
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FIGURE 4.4
The deuteron tensor polarization measured by 
bombarding a Be foil with protons at the bombard­
ing energy of 9.80 MeV.
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in the behaviour of polarization at different incident 
proton energies is not surprising in view of the simil­
arity of the angular distribution data at different 
energies. The largest differences occur for the lab 
angle 60°. This might be expected since this angle is 
almost off the forward peak in the angular distributions 
and compound nucleus effects may be expected to become 
relatively more important for this case.
4.5 Discussion and Conclusion
The largest correction of the first order values of 
<T20> obtained by the iterative procedure described in sec­
tion 2.3d/ taking into account finite geometry effects and 
known asymmetries/ was 0.035. The respective correction 
for <T2 >^ and <T22> was 0.025. In addition to the already 
discussed uncertainties present in the experiment/ systematic 
uncertainty in the values of <T2 >^ of 5% is attributed to 
the uncertainty in the value of the factor f of the same 
order of magnitude. An average value of f of 0.88 was used 
corresponding to an average deuteron energy in the ^He cell 
of 490 keV (Br 66).
The results of Beckner et a 1. (Be 61) obtained from 
deuteron spectra from elastic scattering of deuterons off 
a thin Be foil at 5.2 MeV, indicated the presence of a 
small contribution from the sequential decay process
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I H R  fiß*+ Li* + a, Li*+a+d. From these data it can be 
estimated that the deuterons entering the ^He cell in 
the present experiment contain a contribution from the 
sequential decay deuterons of the order of 4% in the 
energy region considered. This may give rise to an addit­
ional uncertainty in the value of <T2k> of the same order.
Poor quantitative agreement between the data of Darden 
and Froelich (Da 65) and a DWBA calculation performed 
using only a spin-orbit coupling term in the optical 
potential of the proton and deuteron reported by them, 
raises a number of possibilities as to the reason for the 
discrepancy. The analysis has shown that varying the 
depth of the central potential and using volume absorption 
instead of surface absorption for the deuteron does not 
improve the agreement significantly. Nor does the use of 
a complex spin-orbit term improve the agreement. There 
are two other possibilities not taken into account in their 
analysis. One is the failure to include tensor interaction 
in the calculations. The other is a possibly erroneous
9assumption that Be is well described by a p ^ 2 neutron
omoving in the field of a spherically symmetric Be core.
They suggested that the inclusion of deformation effects 
9in the Be nucleus may alter the predictions of the DWBA
appreciably
71
An optical model calculation using the present 
data (Ro 66) is in progress. Beside including the usual 
spin-orbit term (see for example reference Da 65) the 
analysis takes into account two of the three possible 
tensor interactions (Sa 60b).
It is believed that the inclusion of tensor 
interactions will give larger values of the tensor 
polarization than appear possible with only spin-orbit 
interaction. If it can be shown that these tensor inter­
actions are important then it may be possible to give a 
better description of the j-dependence of stripping and 
pickup reactions which at the present time is not under­
stood .
In conclusion, the relatively large values of
9 8the <T2j> parameters in the Be(p,d)°Be reaction indicate 
that spin-dependent interactions are present. The data 
presented here together with those of Darden and Froelich 
should be of considerable use to the efforts concerned 
with the spin-dependent interactions in direct reactions.
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CHAPTER 5
ELASTIC SCATTERING OF 4 He-PART1CLES FROM TRIT IUM.
5 . 1  I n t r o d u c t i o n
A summary o f  t h e  p r e s e n t  knowl edge  c o n c e r n i n g  
t h e  l e v e l  s t r u c t u r e  o f  ^ L i  and ^Be up t o  8 MeV e x c i t ­
a t i o n  e n e r g y  i s  shown i n  f i g u r e  5 . 1  (La 6 6 ) .
7 7The l e v e l  s t r u c t u r e  o f  Li  and Be has been p r e ­
d i c t e d  t h e o r e t i c a l l y  f r o m  a number o f  n u c l e a r  mode l s  
(Zn 53,  Kn 56,  So 57,  Pe 60,  Ta 61,  K1 61,  Cl 62,  Ch 6 3 ) .  
The r e s u l t s  o f  i n t e r m e d i a t e  c o u p l i n g  c a l c u l a t i o n s  by I n g l i s  
( I n  5 3 ) ,  and s e p a r a t e l y  by K u r a t h  (Ku 56) p r e d i c t  t h e
f o l l o w i n g  o r d e r  ( e n e r g y  i n c r e a s i n g )  f o r  t h e  odd p a r i t y
2 2 2 2
s t a t e s  ( i n  LS n o t a t i o n ) :  ^ 3 / ? '  ^ 1 / 2 '  ^ 7 / 2 * ^ 5 / 2
and The f i r s t  t h r e e  o f  t h e s e  have been known
f o r  some t i m e .  However ,  u n t i l  r e c e n t l y ,  t h e  o n l y
e s t a b l i s h e d  5 / 2  l e v e l s  were  f o u n d  a t  7 . 4 7  MeV in
^ L i  and 7 .1 8  MeV in  ^Be.  These s t a t e s  have l o n g  been
2
t h o u g h t  t o  be t he  u p pe r  members o f  t h e  F d o u b l e t s ,  and
t h e  l o w e s t  l e v e l  o f  t h e  m u l t i p l e t  was t h o u g h t  t o  l i e
a t  a somewhat  h i g h e r  e n e r g y .  The l o w e r  l e v e l s  o f  t h e  
2
F m u l t i p l e t  have been c o n s i d e r e d  t o  be t h e  known s t a t e s  
a t  4 . 6 3  MeV in ^ L i  and 4 .55  MeV in ^Be.  I f  t h e  s t a t e s  
a t  7 . 4 7 ,  7 .1 8  and 4 . 6 3  4 . 5 5  MeV c o m p r i s e  t h e  2F d o u b l e t s
FIGURE 5 .1
^ L i  and 7 Be.Leve l  d i a g r a m  f o r
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the splitting is about 6 times the splitting of the 
doublets which are well established as the ground and 
first excited states. Thus/ Meshkov and Ufford (Me 56) 
suggested that the levels at 7.47 and 7.18 MeV in the
4two mirror nuclei/ were actually members of the P
2multiplet and that the F^ 9 levels were at lower 
energies. Further considerations of the nucleon and 
a- particle reduced widths of these levels led French 
and Fujii (Fr 57) to a similar conclusion. Additional 
experimental evidence ensured that the interpretation 
of the 7.47 and 7.18 MeV levels as being ^ 5/0 levels 
is indeed correct (Jo 54, Ma 56, Ma 57, Le 57, Ha 60). 
The success of the predictions of the above levels, made
the apparent absence of the ^^/2 state quite disturbing.
The assignment of positive parity to the 6.5 MeV 
state in ^Be observed by Marion et a 1. (Ma 56) was
motivated by the existence of odd Legendre polynomial
6 3terms in the angular distribution of the Li(p,a) He
7T 3 +reaction. An S-state for this level with J = y was
suggested. However, evidence against such a state in
this energy region comes from the work done on the 
t 7Li(p,y)/Be reaction by Warren et a 1. (Wa 55) who found
that this reaction is not resonant in this region and
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shows no indication of El capture. Furthermore/ a 
careful analysis of the °Li(P/p)uLi and ^Li(p/a)^He 
data up to 1.5 MeV proton energy does not show a level 
around 6.5 MeV in ^Be (Me 63). Extension of the 
analysis to higher proton energies up to 3 MeV indicated
1+ 4
that a y level may lie above the P5/2 state* However/
by taking proton bombarding energy higher up in
t3Li(P/p)^Li scattering/ Harrison and Whitehead (Ha 63)
4found a level above P5/2 state but the analysis of
4the data favoured the P configuration for the state 
rather than one of positive-parity proposed by McCray 
(Me 63). This excluded the possibility of an S-state at 
about 6.5 MeV.
On the other hand/ evidence for the presence 
2 7of the F5/9 state in Li at about 6.5 MeV comes from
an analysis of the intensities of proton groups from the 
7 7 *Li(p/p') Li reaction (Ma 57). Moreover/ it was sugg­
ested (Le 57) that the positive-parity state played no 
significant part in the above inelastic scattering and 
instead evidence was produced that in fact the state at 
6.5 MeV was a 5/2 state. Chesterfield and Spicer (Ch 63) 
also found that their rotational model could not predict
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a p o s i t i v e - p a r i t y  s t a t e  b e l o w  9 MeV e x c i t a t i o n  e n e r g y .
F i n a l l y /  no p o s i t i v e - p a r i t y  s t a t e s  w i t h  a p p r e c i a b l e
a - p a r t i c l e  w i d t h  were  o b s e r v e d  i n  t h e  range o f  e x c i t a t i o n
e n e r g y  c o v e r e d  by T o m b r e l l o  and P a r k e r  (To 63a)  in  
3 4s c a t t e r i n g  o f  H e - p a r t i c l e s  f r o m  He and i ndeed  t h e
7
e x i s t e n c e  o f  a 6 .5  MeV 5 / 2  l e v e l  i n  Be was c o n f i r m e d .
The a im o f  t he  p r e s e n t  measurements  o f  ,4He-T 
e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  was t o  c o n f i r m  t h e
7
e x i s t e n c e  o f  t h e  two F - s t a t e s  in  L i .  The d a t a  c o n s i s t s  
o f  a n g u l a r  d i s t r i b u t i o n s  a t  a l p h a  l a b  e n e r g i e s  5 . 0 7 ,
6 . 6 4 ,  8 . 2 0 ,  9 . 7 6  and 10 .9 2  MeV and o f  e x c i t a t i o n  f u n c t i o n s  
( 1 1 0 - k e V  s t e p s  o v e r  t h e  e n e r g y  range  5 t o  11 MeV) a t  
c . m .  a n g l e s  3 5 . 0 9 ° ,  6 5 . 2 9 ° ,  9 0 ° ,  1 2 5° ,  140°  and 1 5 0 ° .
5 . 2  A p p a r a t u s
A p p a r a t u s  used i n  m ak i ng  t h e  measurements
d e s c r i b e d  i n  t h i s  and t h e  f o l l o w i n g  c h a p t e r  i s  shown in
f i g u r e s  5 . 2  and 5 . 3 .  Beams o f  p r o t o n s ,  d e u t e r o n s ,  d o u b l y  
3 4c h a r g e d  He-  and H e - p a r t i c l e s  were  p r o v i d e d  by t h e  
A . N . U .  tandem a c c e l e r a t o r .  Beam c u r r e n t s  o f  a bo u t  0 .0 5  
t o  - 1 . 0  yA were u s e d .  The beam was e n e r g y  a n a l y s e d  by 
a 90°  magnet  whose c a l i b r a t i o n  was known t o  0.1%.  Ener gy  
s t a b i l i t y  was e s t i m a t e d  t o  have been 5 keV o r  l e s s .  A f t e r
FIGURE 5 .2
V e r t i c a l  c r o s s  s e c t i o n  o f  t h e  s c a t t e r i n g  chamber .  
The numbered p a r t s  a r e  ( 1)  c o l l i m a t o r  t u b e ,  (2 )  gas 
t a r g e t ,  (3)  n i c k e l  w in do ws ,  ( 4 )  s u p p r e s s o r  magne t ,  
( 5)  Fa r aday  c u p ,  ( 6)  0 - r i n g  s e a l ,  ( 7 )  T e f l o n  b e a r i n g  
r i n g s  and ( 8 )  d r i v e  s p r o c k e t .

FIGURE 5.3
H o r i z o n t a l  c r o s s  s e c t i o n  o f  t h e  s c a t t e r i n g  chamber .  
The numbered p a r t s  a r e  ( 1)  c o l l i m a t o r  t u b e ,  ( 2 )  gas 
t a r g e t ,  (3 )  M y l a r  f o i l ,  (4 )  n i c k e l  w i n d o w s ,  (5 )  
d e t e c t o r  s l i t  a s s e m b l y ,  ( 6 )  s o l i d  s t a t e  c o u n t e r  and 
(7)  Fa r aday  cup a s s e m b l y .
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energy analysis, the beam was deflected by a 30° magnet 
and passed through a pair of "tracking slits". The 
current in the deflection magnet was regulated by the 
beam current on the tracking slits, requiring the 
beams to pass through the centre of the slits. The beam, 
then, passed through a magnetic quadrupole lens and 
finally, before striking the gas target entrance foil, 
through the tantalum collimators 0.5 mm thick with 
1.5 mm aperture diameters spaced 20 cm apart. A tantalum 
anti-seattering baffle with a 2.2 cm aperture was placed 
10 cm behind each collimator disc. The beam collimating 
system was situated in a brass tube inserted into the 
entrance part of the scattering chamber.
Tritium gas was contained in a target assembly 
similar in design to that described by Corelli et al.
(Co 57). The beam entered the 7.5 cm diameter and 2.5 cm
•fthigh target through a 0.6 ym nickel foil and left it 
through another 1.2 mm nickel foil at the exit port of 
the target assembly. A 1.3 cm high window extending 
from 12.5° to 167.5° with respect to the incident beam
•k llFor the He-T measurements the foils were 0.25 ym and 
0.6 ym respectively. This was to reduce the spread and 
loss of the ^He-particle energy.
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direction was located on both sides of the gas target.
The scattered and recoil particles passed out of the
target assembly through a 6.25 ym aluminized Mylar foil
which was satisfactorily attached to the stainless steel
frame by an ordinary epoxy resin (Duppont adhesive 46951).
2The thickness of the foil was equivalent to 1.51 nig/cm 
of aluminium.
The beam was collected by a Faraday cup whose 
acceptance half-angle was about 4°. The Faraday cup 
was equipped with both magnetic and electrostatic 
suppression to avoid spurious effects (e.g. collection 
of electrons produced by the beam passing through the 
foils and striking the collimators; loss of secondary 
electrons from the tantalum beam stop in the cup). A 
suppression potential of -300 volte was used.
The scattered particles were collimated by a 
rectangular slit system consisting of nominally identical 
slits with dimensions 3 x 5 mm together with an anti­
scattering baffle with an aperture of 5 x 7.5 mm midway 
between. The slits were made of precision steel shim 
stock* 0.23 mm thick. Ortec surface barrier detectors
*L.S. Starret Co., Athol, Massachusetts, U.S.A.
7 8
w i t h  d e p l e t i o n  d e p t h s  o f  a b o u t  500 ym a t  f u l l  b i a s ,  
wer e  p l a c e d  i m m e d i a t e l y  b e h i n d  t h e  r e a r  s l i t  i n  each 
s y s t e m .  The a n g u l a r  r e s o l u t i o n  o f  t he  two s ys t ems  was 
2°.
The a l u m i n i u m  s c a t t e r i n g  chamber  w h i c h  c o n t a i n e d  
t h e  e n t i r e  e x p e r i m e n t a l  s e t - u p  had an i n s i d e  d i a m e t e r  
o f  45 cm and an i n s i d e  h e i g h t  o f  29 c .m .  The two 
d e t e c t o r  sys tems  were s i t u a t e d  on t h e  i n d e p e n d e n t l y  
r o t a t a b l e  l i d s  o f  t he  chamber  and were  used s i m u l t a n ­
e o u s l y  t h r o u g h o u t  t h e  m e a su r em e n t s .  The a n g l e s  o f  t h e  
d e t e c t o r s  c o u l d  be s e t  t o  an a c c u r a c y  o f  b e t t e r  t h a n  
+. 0 . 1 °  by r o t a t i o n  o f  t h e  l i d s .
The gas t a r g e t  was f i l l e d  w i t h  t r i t i u m  a t  a b o u t  
25 mm Hg p r e s s u r e  f r o m  an u r a n i u m  oven s p e c i a l l y  p r e ­
p a r ed  f o r  t r i t i u m  s t o r a g e  (see a p p e n d i x  D f o r  f u l l  
d e s c r i p t i o n ) .  P r e s s u r e  i n  t h e  t a r g e t  c e l l  was measured 
t o  an a b s o l u t e  a c c u r a c y  o f  ±  0 . 0 5  mm by means o f  a 
W a l l a c e  and T i e r n a n  FA-145 a n e r o i d  manomete r ,  w h i c h  
was c a l i b r a t e d  w i t h  a d i b u t y l  p h t h a l a t e  o i l  ma nomete r .  
Two c a l i b r a t i o n s  c a r r i e d  o u t  d u r i n g  t h e  c o u r s e  o f  t h e  
measurements  showed no a p p r e c i a b l e  s h i f t  i n  c a l i b r a t i o n .  
The p r e s s u r e  gauge was c o n n e c t e d  t o  t h e  gas c e l l  v i a  a 
f i l l i n g  sys tem b u i l t  o f  1 .5  mm i n s i d e  b o r e  c o p p e r  t u b i n g
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and Hoke needle valves. The system allowed pumping 
on the target assembly with a roughing pump, linking 
of the target with the scattering chamber pumping 
system for simultaneous evacuation, as well as connect­
ion between the uranium oven and the target via the 
Wallace and Tiernan gauge.
5.3 Experimental Procedure and Errors
Pulses from the detectors were amplified with 
Ortec double delay line amplifier systems. Windows 
were placed around particle groups and counts were 
accumulated on fast A.N.U. scalers. Counting rates were 
kept below 1000 counts per second to make dead time 
losses negligible. Spectra from both counters were 
also accumulated on an R.I.D.L. kicksorter. The 
pulses were routed in such a way that each spectrum 
was stored in a 200-channel block of the 400 channel 
analyzer. The average dead time factor found was 
about 2 to 5% and appropriate dead time correction was 
applied to the data.
An El cor Model A-309 current integrator was used 
to measure the collected charge and to terminate the 
runs when a desired amount of charge was collected. The 
integrator was calibrated frequently during the experi-
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ment with a constant current source, known to about o.03%. 
A Philips electronic timer accurate to 0.1% was used in 
the calibrations. Drift in the integrator between 
calibrations was typically about 0.2%.
Pressure and temperature were recorded at regular 
intervals. Variations in the pressure reading, which 
were of the order of 0.5 mm Hg, are attributed to temp­
erature changes in the target as well as small leakages 
through foils and foil seals. Hydrogen exchange repres­
ented the greatest problem in determining the net pressure 
due to tritium present in the target cell. The hydrogen 
impurity was monitored by the spectra accumulated on the 
kicksorter at 10 MeV bombarding energy and a fixed lab 
angle where proton and triton groups were well resolved. 
Pressure calibration curves were also plotted from proton-
group yields and measured cross section for elastic scatt-
3 4ering of protons, deuterons, He- and He-particles from 
a hydrogen gas target at various energy-angle pairs. The 
estimated error in the measured cross section was calcul­
ated from the expression derived in appendix D (equation 
Dl) and it was estimated to be about 4%.
The cross section of the scattering was computed 
from measured yields using the relation (Si 59)
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o ( e ) Ys i ne nNG (5.1)
where a(e) is the lab cross section, Y is the measured 
yield, n is the total number of bombarding particles 
determined from the charge collected, N is the number of 
target nuclei per unit volume determined from the measured 
pressure and temperature of the tritium gas, using the 
ideal gas law, and 0 is the lab scattering angle. The 
factor G is the geometry factor of the detection system 
and is given by (Si 59)
G +  AO A 1 + (5.2)
where
and
4bib2t
R h o (5.3)
2 2  ^ cos © b 2
3 . 2 .2s I n e Ro
(bl + b2> - 8R22h‘ o
with the higher order terms being neglected. In equation 
5.3 the quantities are: front and rear slit widths,
bi b2 = 3 mm, respectively; rear slit height, t = 5 mm;
distance from centre of target to rear slit, RQ = 185 mm; 
and distance between slits, h = 132 mm. An error of less 
than 0.05% in the worst case was introduced by ignoring
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the higher terms in equation 5.2.
Calculation of cross section from equation 5.1 
was performed on an I.B.M. 1620 computer. The program 
included computation of the yield from various particle- 
peaks in the spectra, correction to the data for the 
background and for the partial pressure arising from the 
hydrogen impurity in the tritium target, computation of 
the cross section from the yields, conversion of the lab 
cross section and scattering angles to the c.m. system, 
adjustment of the collected charge and pressure measure­
ment for calibration errors, as well as computation of 
the incident particle energy at the centre of the gas 
target for each energy used.
The energy losses in the nickel entrance foil and 
in the tritium gas to the centre of the gas target were 
computed from an expression of the form
4^ - = a(lnE + b)/E (5.4)dx
where E is the energy of the incident particle and a 
and b were obtained from Whaler (Wh 58). The energy 
loss varied from 130 to 80 keV for ^He-particl es to less 
than 50 keV for protons and deuterons. The energy resol-
4ution at the lowest energies used for the He-particles
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and protons was estimated to about 100 and 40 keV 
respectively.
An estimate of the error involved in the cross 
section measurements described here can be given if 
individual effects contributing to uncertainties in the 
measurements are considered separately.
One error in charge collection was due to multiple 
scattering of the incident beam in the nickel entrance 
and exit foils and, to a lesser extent, in the tritium 
gas. The two constrictions which limited charge collect­
ion were the magnet in the Faraday cup (half-angle 4.3° 
with respect to the centre of the gas target) and the 
exit port of the gas target (half-angle 2.1° with 
respect to the nickel entrance foil). Young (Yo 65) 
estimated for d-a scattering case that the effect of 
multiple scattering was negligible above 5 MeV deuteron 
energy. The error in charge integration, is estimated 
to have been about 0.3%. This error results from un­
certainty in the calibration of the integrator (0.1%) 
and from drift in the integrator itself (0.2%).
An error of 0.3% is assigned to the geometry factor 
G, due to the limited accuracy (3 ym)in measurements 
of the slit dimensions. The combined effects of error 
in the angle setting and deviation of the beam from the
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centre of the scattering chamber were estimated by Young 
(Yo 65) to be about 1% (from left-right scattering 
measurements).
The error resulting from the measurement of the 
tritium gas pressure is about 0.2%. This estimate is 
based on a 0.1% uncertainty in the visual reading of the 
pressure gauge and a 0.1% uncertainty in its calibration. 
However, the error resulting from the corrections due to 
the hydrogen impurity in the gas target is estimated to 
be as high as 4%.
The measured temperature of the gas target was 
usually about 1°C above the room temperature. The 
uncertainty in the measurement, estimated to be 0.3%, 
resulted from the relatively poor heat conductivity of 
the stainless steel bottom plate of the gas target. The 
effect of the heating along the path of the beam through 
the gas has been investigated by Young (Yo 65) for deut- 
erons through helium and the expected error was found to 
be 1.3% at 4 MeV and 0.6% at 10 MeV with measured d-a 
cross section being too low by these amounts. The latter 
effect has been ignored in correcting the measured cross 
section.
Effects of the slit-edge scattering are manifested
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by a continuous distribution of low energy particles, 
resulting from the penetration at the slit edges of 
particles originating anywhere along the line source.
The error due to this effect was estimated to be about 
0.5%.
Multiple scattering by the Mylar foil and the gas 
result in an estimated error of about 1%. This estimate 
is based on proton-proton scattering checks (Yo 65).
The overall systematic error in the cross section 
measurements described here can be estimated by combin­
ing individual errors described above. The arithmetic 
total amounts to 8.4% and the r.m.s. total to 4.4%.
5.4 Results and Discussion
4in addition to the He-T measurements, excitation 
4 3curves of He- He elastic scattering at c.m. angles 
65.29°, 90° and 125° were obtained between 5.8 and 7.9 MeV 
bombarding energy in order to check the present energy 
scale against that of Tombrello and Parker (To 63a).
That was done primarily because in the present experiment 
the beam was introduced through a foil thus causing an 
energy shift and spread. A very good agreement was found 
between the two sets of data in the energy region around 
the 2f:7/2 *eve1 ‘n 7ße*
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4He-1 elastic scattering excitation curves are shown 
4 3together with the He- He elastic scattering excitation 
curves in figure 5.4. Solid circles represent the former
4and crosses represent the latter data. The He-T curves 
show a pronounced anomaly for bombarding energies near 
5.1 MeV corresponding to a level in 7Li at 4.6 MeV.
This resonance appears as a dip in the excitation function 
at 65.29° c.m. angle and as a peak at other angles. Also 
in evidence is another structure near 9.7 MeV which
7corresponds to a broad level in Li at approximately 
6.6 MeV. The identification of the higher resonance as 
coming through the same £-partial wave as that of the 
lower resonance is indicated by the striking similarity 
of its energy variation at each angle. Indeed/ the set 
of phase shifts obtained for angular distributions in­
dicates an F-wave contribution to both levels observed. 
Furthermore/ a visual comparison between the present data 
and those of reference (To 63a) indicates that the levels 
are the mirror levels of those in 7Be. Consequently/ 
there is little doubt that the two levels are 6 = 3 with 
spin and parity assignments 7/2 and 5/2 .
The phase shift analysis programme has been written 
using partial waves through 6 = 3 .  The programme works
FIGURE 5 . 4
E x c i t a t i o n  f u n c t i o n s  f r o m  e l a s t i c  s c a t t e r i n g  o f  
V e  f r o m t r i t i u m  ( c i r c l e s ) .  A l s o  t h r e e  e x c i t a t i o n  
f u n c t i o n s  f r o m e l a s t i c  s c a t t e r i n g  o f  V i e  f r o m V e  
( c r o s s e s ) .  The d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  i n
c . m. s y s t e m.
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basically as follows: first/ an initial set of phase
shifts is read in. These initial phase shifts are
varied simultaneously each one being incremented by an
2amount proportional to the partial derivative of x
2with respect to that phase shift/ where x is given by
2N
= E 
i =1 -
exp(6i 1 ~ 0 ca 1 r.( 9 i ) 
°calc(9i} ]
where o = measured cross section at a given angle 6.exp I
acalc= ca c^u a^teci cross section for a set of phase
shifts as described in appendix E, and
N = number of points on the angular distribution.
In other words, phase shifts are adjusted so that each
2phase shift changes in the direction of decreasing x •
After each variation of the phase shifts, the new 
2value of x is compared with the old value, and the proc-
2edure is repeated until x goes through a minimum. When
this happens, the whole procedure is begun again, the
new phase shifts as initial values, with the amount by
which each phase shift is incremented reduced by some
factor. The process is terminated when the increment
is less than some pre-determined amount. At each energy
2for a set of phase shifts giving a minimum value of x 
an angular distribution was calculated. To obtain these 
fits, the phase shifts of Tombrello and Parker (To 63a)
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3 4from the He- He scattering were used as initial values.
The fits are presented along with the experimental points 
in figure 5.5 and they appear to be very good. The final 
values of the seven parameters used in the fits are 
presented in table 5.1.
Barnard et a 1. (Ba 64a) repeated the work of Tombrello 
and Parker (To 63a) in the energy region 2.5 to 5.7 MeV 
and obtained two sets of phase shifts from the measured 
cross sections. The two sets differ principally in the 
sign of the splitting of the p-wave phase shifts. The 
set which has <5^ larger (closer to 180°) than 6. was 
preferred on the basis of the continuity of phase shifts 
as a function of energy. This p-wave splitting is oppos­
ite to that used by Miller and Phillips (Mi 58) and by 
Tombrello and Parker (To 63a). It disagrees with the 
present results too, but this is not surprising since 
the phase shifts of reference (To 63a) were used as a 
starting set.
No resonance parameters have been extracted so far. 
However, a single level parametrization of 6^  and 6^  
should be attempted (see Appendix E). Presumably there
4is negligible effect on the He-T cross section by the 
4^5/2 ^eve  ^ at 7*^7 MeV, since none was found in the case 
of ^He-^He scattering (To 63a).
FIGURE 5 .5
A n g u l a r  d i s t r i b u t i o n s  f r o m  e l a s t i c  s c a t t e r i n g  
o f  ^He f r o m  t r i t i u m .  S o l i d  c i r c l e s  r e p r e s e n t  d a t a  
f r o m  t h e  a - g r o u p  and c r o s s e s  r e p r e s e n t  d a t a  f r o m  
t h e  r e c o i l  t r i t o n  g r o u p .  S o l i d  l i n e s  r e p r e s e n t  t he  
f i t  t o  t h e  d a t a  g i v e n  by t h e  phase s h i f t s  summar i zed
in  t h e  t a b l e .
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CHAPTER 6
LEVEL SEARCH IN 4He, 5He and ° L i  COMPOUND NUCLEI .
6 . 1  P-T E l a s t i c  S c a t t e r i n g
The g r e a t e s t  t h e o r e t i c a l  and e x p e r i m e n t a l  e f f o r t  i n  
t h e  s t u d y  o f  l i g h t  n u c l e i  (A = 3,  4,  5)  up t o  now has been 
d e d i c a t e d  t o  t h e  n u c l e a r  sys t em w i t h  A = 4,  t h a t  i s  t h e
4
p r o b l e m  o f  t he  e x i s t e n c e  o f  some e x c i t e d  l e v e l s  o f  He,
4 4 4and o f  t h e  H, Li  and n n u c l e i . F i v e  c l a s s e s  o f  e x p e r i -
4
ments  w h i c h  m i g h t  r e v e a l  t h e  e x i s t e n c e  o f  He l e v e l s  a r e
i n e l a s t i c  s c a t t e r i n g  o f  n u c l e o n s  on 4He; i n e l a s t i c  s c a t t e r -
4 3i n g  o f  e l e c t r o n s  on He; d e u t e r o n  b r e a k - u p  on He and T;
3
e l a s t i c  s c a t t e r i n g  o f  n u c l e o n s  on He and T;  ( p , n )  r e a c t i o n s
3 3 4such as T ( p / n)  He; as w e l l  as r e a c t i o n s  l i k e  H e ( T , d )  He
7 4 4and L i ( p , a )  He w i t h  He as r e c o i l  n u c l e u s .  Up t o  now t h e  
d i r e c t  o r  i n d i r e c t  e x p e r i m e n t a l  r e s e a r c h  on t h e  e x c i t e d
4
l e v e l s  o f  He has p r o v i d e d  some e v i d e n c e  f o r  t h e  e x i s t e n c e
o f  l e v e l s  i n  t h e  f o l l o w i n g  ranges  o f  t h e  e x c i t a t i o n  e n e r g y ;
20,  2 1 - 2 2 ,  24 and 30 MeV ( Ar  6 5 ) .
One o f  t h e  two body r e a c t i o n s  i n v o l v i n g  two p r o t o n s
and two n e u t r o n s  i s  p + T,  t h e  s t u d y  o f  w h i c h  may a f f o r d
4
i n f o r m a t i o n  a b ou t  t h e  e x c i t e d  s t a t e s  o f  He n u c l e u s .  Data 
f o r  e l a s t i c  s c a t t e r i n g  o f  p r o t o n s  by t r i t i u m  n e ar  t h e
3
t h r e s h o l d  o f  t h e  T ( p , n )  He r e a c t i o n  and e x t e n d i n g  f r o m  
0 . 3  t o  3 .5  MeV p r o t o n  b o m b a r d i n g  e n e r g y  have been o b t a i n e d
9 0 .
by a number o f  i n v e s t i g a t o r s  (He 49,  En 54,  Ja 59,  Ba 63,
We 64,  Ba 6 4 ) .  The phase s h i f t  a n a l y s i s  o f  t h e  d a ta
be tween 0 . 1  and 0 . 7 6  MeV by We rn tz  ( Vie 64) and up t o  2 MeV
by M e y e r h o f  and M c E l e a r n e y  (Me 65a)  g i v e s  s u p p o r t i n g
e v i d e n c e  f o r  a 0 + e x c i t e d  s t a t e  o f  t h e  ^He n u c l e u s  a t
a b o u t  2 0 . 1  MeV. C o n c l u s i o n s  f r o m  t h e  p o i n t - t o - p o i n t  phase
s h i f t  a n a l y s i s  p e r f o r m e d  by B a l a s h k o  e t  a l . (Ba 64) a r e  i n
good ag ree me nt  w i t h  t h e  w or k  in r e f e r e n c e  (Me 6 5 a ) .  O t h e r
e v i d e n c e  f o r  t h i s  s t a t e  comes f r o m  Wer n tz  (We 6 2 ) ,  Young
and Oh l sen  (Yo 64) and Donovan e t  a l . (Do 64) in a n a l y s i s
o f  n e u t r o n  s p e c t r a  f r o m  t h e  T ( d , p n ) T  r e a c t i o n .  F u r t h e r -
11
mor e,  i n  a c a r e f u l  s t u d y  o f  t h e  r e a c t i o n  T ( d , n )  He 
Poppe e t  a 1 . ( Po 63) o b s e r v e d  t h i s  r e so na n ce  a t  20 MeV.
I t  i s  i n t e r e s t i n g  t h a t  i t  a p p ea r s  i n  t he  s t r i p p i n g  
r e a c t i o n  ( d , n )  i n  a v e r y  l i g h t  n u c l e u s . .  More r e c e n t  e v i d ­
ence on t h i s  s t a t e  comes f r o m  t h e  w o r k  r e p o r t e d  by Oh l sen  
e t  a 1 . (Oh 66) and by S t o k e s  e t  a l  . ( S t  6 6 ) .
S e v e r a l  s t a t e s  have been p r op o s e d  (Ba 54,  VI 55)  
f o r  e x c i t e d  s t a t e s  a b o v e  t h e  a l r e a d y  m e n t i o n e d  0+ s t a t e  
a t  20 MeV b u t  none o f  t h e  e x p e r i m e n t a l  d a t a  t i l l  r e c e n t l y  
c o u l d  be t ak e n  as c o n c l u s i v e  e v i d e n c e .  However ,  f r o m  t h e  
p a r t i c l e - p a r t i c l e  c o r r e l a t i o n  in t h e  t h r e e - b o d y  sys tem 
r e s u l t i n g  f r o m  t h e  b o m ba r d i n g  o f  d e u t e r i u m  w i t h  ^He beam, 
P a r k e r  e t  a l . (Pa 65)  and Zu rmü h l e  (Zu 65) i d e n t i f i e d  a
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level at 19.94 MeV as the 0+ level, and the second level 
at 21.2 MeV observed to decay by both proton and neutron 
emission. No J77 assignment was given. Vlasov and 
Samailov (VI 64) reviewed experimental evidence on the
excited states of ^He and proposed the following levels
71 + with respective J assignments in brackets: 20 MeV (0 ),
22 MeV (2 ) and 24 MeV (1 ). The conclusions reached by
Meyerhof (Me 65b) are similar to these in reference VI 64
20.3 MeV (0+), 22.5 MeV (2~) and 26 MeV (l-). Another
6 + 4peak at about 30 MeV has been seen via the L i ( tt , 2p) He 
reaction (Ta 66) but no J71 assignment is given. The two 
states at 22 and 24 MeV can be compared to the levels in 
and ^Li discussed by Tombrello (To 66).
The most recent review article on A = 4 by 
Argan et a 1. (Ar 65) however, does not consider the 
evidence conclusive enough for the levels above 20 MeV. 
They propose the following isotopic scheme for the A = 4 
group: the 20 MeV level has T = 0 or indefinite isotopic 
spin. The ^He level at 22 MeV has an isotopic spin of 
T = 0. This level together with the one at 24 MeV should 
represent the splitting P3/2 “ Pl/2 f°reseen the shell 
model and due to the spin orbit interaction. The triplet 
^H-1+He*-l4Li exists at about 24 MeV with T = 1 although 
this is not sufficiently demonstrated experimentally. A
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quintuplet T = 2 exists at about 30 MeV but there is some
4 4evidence of only Li and He.
In order to investigate excited states of l|He in 
the energy range between 22.3 and 27.9 MeV/ protons have 
been elastically scattered from tritium. Excitation curves 
at c.m. angles 39.1°, 90° and 120.8° in steps of 100 keV 
have been obtained. The data is shown in figure 6.1. The 
p-T curves show no pronounced anomaly for the proton 
bombarding energies between 3.2 and 11 MeV. The cross 
section is smooth by varying between 200 and 300 mb/sr 
at the forward c.m. angle and decreases slowly from 80 
to 10 mb/sr for the c.m. angles 90° and 120.8°.
The conclusion from the above results is that there
4are no excited states in the He nucleus in the excit­
ation region between 22 and 27 MeV which can be readily
observed by p-T elastic scattering. It could be argued/
4however/ that since the lifetime of the He nucleus in
-20its excited states is very short (of the order of 10 
sec) the width of the states is very large and the res­
onant effects would not be very pronounced. Thus, it 
should not be surprising if the levels are not observed 
in all experiments (VI 64).
From the review articles (VI 64, Ar 65) it is 
evident that the present experimental and theoretical
FiniJRF 6.1
Excita tion functions from elastic scattering of
protons from tritium. The differential cross section
is in c.rn. system.
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Situation with the problem of the nuclear levels in A = 4 
group is rather uncertain. The authors (Ar 65) express 
their concern about the contradictory knowledge (and the
[j.lack of it) of as simple a nuclear structure as He.
They suggest that to throw further light on the problem, 
two types of experiments should be carried out: high energy
techniques should be employed; and two-dimensional analysis 
experiments for a three-body final state should be used. 
Improved resolution in detection of the products of react­
ions should be of great advantage.
6.2 D-T Elastic Scattering
5In their consideration of the He excited states,
Galonsky and Johnson (Ga 56) identified the only known
5 3 +even-parity state of He nucleus, the y state at 16.7 
MeV excitation, with the state having a 1 S ^ 0 hole ing
the Li ground state. Higher up even-parity states were
then expected to be 1 S^ 2  hole in various excited states of
6 5Li. Thus, a state at about 19 MeV in He is expectedg
considering the fact that the first excited state of Li 
is a 3+ state at 2.2 MeV above the ground state. Blanchard
5and Winter (B1 57), discussing possible existence of H, 
have speculated on the existence of a broad excited state 
in ^He a few MeV above the 16.7 MeV state. This broad
94
level was imagined as the triton moving in the diffuse 
domain of the deuteron. Furthermore/ Inglis (In 62) 
lists two "near threshold" states in the He nucleus.
One is a sharp level at 16.7 MeV within only 70 keV of 
the threshold for breakup into T + d and the other at 
about 20 MeV and 280 keV above the threshold for break-
3up into He + 2n.
The nucleon plus He form of the five-nucleon
scattering system has received detailed theoretical and
experimental attention. Many searches for an excited
5 5state around 20 MeV in He and Li have failed to find
one (Ga 56/ Sh 63/ Be 65). However/ Bame and Perry
(Ba 57), Stewart e t a 1 . (St 60), and Tornbrello et al .
(To 65) found evidence for the existence of such a state
4 3 4in the data obtained from T(d,n) He, He(d,p) He and 
^He(d,d)^He, respectively. Rosen (Ro 59, Ro 60) reported 
a very broad anomaly at 90° c.m. angle for elastic scatt­
ering of deuterons from both T and ^He. This broad anomaly 
was found to correspond in energy to the peaks in the total 
neutron cross section obtained by integrating different- 
ial cross section over 4tt for T(d,n) He and He(d,p) He 
reactions (Ro 59). Thus, these resonances were believed 
to be due to the presence of one or a number of excited 
states in ^He and ^Li at about 20 MeV (Ro 59).
95.
The purpose of this work was to investigate the 
excitation region between 18 and 23 MeV in search of
5excited states of He nucleus. In the course of this 
work excitation functions between 3.5 and 11 MeV deuteron 
bombarding energy at ten c.m. angles from d-T elastic 
scattering have been obtained and are shown in figure 6.2. 
Excitation functions at c.m. angles of 29.9°/ 45.3°,
54.7°/ 60.7°/ 73.2° and 90° corresponding to lab angles 
18°, 27.3°, 33.3°, 37°,45° and 56.2° respectively, were 
obtained from the deuteron group. Excitation functions 
at c.m. angles of 106°, 113.5°, 125.3° and 144° corres­
ponding to lab angles 37°, 33.3°, 27.3° and 18° respect- 
ively, were obtained from the recoil triton group. In 
general, the bombarding energy was varied in 200 keV 
steps. Steps of 100 keV were taken at 29.9°/ 90° and 
144° c.m. angles from 4 to 11 MeV. In addition/ 50 keV 
steps were taken at 54.7°, 73.2°, 90° and 113.5° c.m. 
angles between 3.3 and 4.2 MeV bombarding energy. An 
angular distribution at 6.98 MeV deuteron bombarding 
energy taken between lab angles 15° and 85°/ is shown 
in figure 6.3. Three excitation functions obtained con-
4currently from the alpha group from the T(d/n) He 
reaction are shown in figure 6.4. These were taken at lab
FIGURE 6 . 2
E x c i t a t i o n  f u n c t i o n s  f r o m  e l a s t i c  s c a t t e r i n g  o f  
d e u t e r o n s  f r o m  t r i t i u m .  The d i f f e r e n t i a l  c r o s s  
s e c t i o n  i s  i n  c .m .  s y s t e m .
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A n g u l a r  d i s t r i b u t i o n  f o r  e l a s t i c  s c a t t e r i n g  o f  d e u t -  
e r o n s  f r o m  t r i t i u m .  The d i f f e r e n t i a l  c r o s s  s e c t i o n  and 
s c a t t e r i n g  a n g l e  a r e  in t h e  c .m .  s y s t e m .
D - T  ELASTIC SCATTERING
1 I I I I r ■ I I I
500 -
400 -
300 -
O
ÜJ
CO
</> 200
CO
O
QCO
100 -
DEUTERON ENERGY 
6-98 MeV
•••••
•  •
I I I I I I
•  •  
•  •
i i  I I I I I I I i
0 20 40 60 80 100 120 140 160 180
CENTRE OF MASS ANGLE (DEGREES)
FIGURE 6.4
Excitation 
different ia 1
functions from the T(d,a)n reaction. The 
cross section is in the c.m. system.
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angles 18°, 27.3° and 37°. Bombarding energy was varied 
in steps of 200 keV with an exception of 0^   ^ = 18° where 
the steps of 100 keV were taken.
Excitation functions from d-T elastic scattering 
with exception of the two taken at c.m. angles of 125.3° 
and 144°, all show a very broad anomaly whose position can 
be best located at c.m. angles of 73.2° and 90° as about 6.7 
MeV bombarding energy. A qualitative analysis of the 
above d-T data is given only. First of all/ the dis­
appearance of the anomaly in the excitation function taken
at 0 = 125.3° indicates the presence of d-waves in thec.m.
d-T scattering because P9(cos0) vanishes at that c.m.
angle. The excitation function taken at 6 = 54.7°c.m.
(which is another zero of the same order Legendre poly­
nomial P2(cose))shows a small peak at about 6.7 MeV 
indicating a contribution from partial waves other than 
£ = 2. Trying to establish which partial wave is contrib­
uting to the above picture/ one can argue the following 
way, . A P-wave is not acceptable because the peak is
quite pronounced at 0 = 90° at which P.,(cos e) has ac.m. i
zero; one would therefore expect a decrease in the cross 
section (at least)/ which does not occur. An f-wave can 
be dismissed in a similar manner from the curves taken at 
c.m. angles of 29.9° and 90°. However/ even £ from 0
97.
to higher than 4 partial waves cannot be discarded with
any degree of certainty. In fact there is another puzzle
in evidence with the curve taken at 0 = 144°. Havingc.m.
established the presence of d-waves one would expect a
peak due to d-waves at 0 = 144° even in the absencec.m.
of 6 = 4 partial waves at that angle (which is near a 
zero of P^(cos0)). But there is none and this indicates 
some destructive interference between various partial 
waves at that angle. At other zeros of P^Ccos 0) the peak 
is in evidence (especially at 73.2 and 90°).
From the above arguments the evidence is incon­
clusive as to whether it is a pure d-wave involved inthe 
formation of the 20 MeV level in ^He. The indication is 
that although d-wave is predominant there are other even-C 
partial waves involved. Another possibility is that 
several levels are overlapping in the considered energy 
region, giving an impression of a broad state. If, 
however, for the sake of argument, it is assumed that the 
observed anomaly is formed by d-wave deuterons one can 
speculate on the J71 assignment in the following manner: 
since there is a choice of two possible incoming channel 
spins of 3/2 and 1/2, there are four possible compound 
nucleus states: y , y, y and ^ . Taking into account the
98
available ^He(d,p)^He and T(d,n)^He data (Ba 57, St 60), a 
tentative spin assignment of either 3/2+ or 5/2+ can be 
made. This is in agreement with Tombrello et a 1. (To 65) 
in the case of their broad excited state in ^Li obtained
3from d- He elastic scattering.
The above situation is not clarified by the
excitation functions obtained at back c.m. angles from 
4the T(d,n) He reaction. These curves display no structure 
and all decrease as the deuteron bombarding energy increases.
The D-T elastic scattering angular distribution 
obtained at the deuteron bombarding energy of 6.98 MeV, 
displays two minima, one on either side of 90° c.m. angle,
and a small maximum is found at about 6 = 95°. Thec.m.
process does not appear to be symmetric about 90° c.m.
The increasing cross section at the back angles is inter­
preted as being due to an inverse stripping process as in 
p-D and n-D scattering (Ro 60).
In view of the fact that there is no theoretical 
study of the d-T scattering in literature it is difficult 
to assign a definite J71 value to the broad anomaly observed
5here at about 20.5 MeV in He. A phase shift analysis of 
the elastic scattering, although complex, would be of great 
value to throw some light on this question. However, it is 
unlikely definitive results could be obtained unless polar­
ization data were available (since this is a spin 3/2 system).
99.
0 .3  ^He-T E l a s t i c  S c a t t e r i n g
g
The uL i  n u c l e u s  i s  o f  i n t e r e s t  s i n c e  i t  i s  t h e
6 6 6o n l y  member o f  t h e  i s o t o p i c  t r i p l e t  JH e - uL i - JBe w h i c h
d i s p l a y s  numerous e n e r g y  l e v e l s  up t o  an e x c i t a t i o n  e n e r g y
o f  a b o u t  16 MeV (La 6 6 ) .  The o t h e r  two members o f  t h e
t r i p l e t  d i s p l a y  o n l y  one l e v e l  each a t  1 .5  and 1 . 8  MeV in 
6 6Be and He r e s p e c t i v e l y  (La 6 6 ) .  One o f  t h e  p o s s i b l e
e x p e r i m e n t s  w h i c h  may a f f o r d  i n f o r m a t i o n  a b ou t  t h e  e x c i t e d
s t a t e s  i n  t h e  s i x  n u c l e o n  sys tem in  t h e  e x c i t a t i o n  e n e r g y
r e g i o n  above 15 MeV/ i s  e l a s t i c  s c a t t e r i n g  o f  p a r t i c l e s
o f  mass-3 f r o m  n u c l e i  o f  m a s s - 3 .  U n f o r t u n a t e l y /  l i t t l e
w or k  has been done on t h e s e  s y s t e m s .  Bransden and H a m i l t o n
( Br  60a/  Br 60b)  compared t h e i r  r e s o n a t i n g  g r o u p  c a l c u l a t i o n s
3 3t o  some e x i s t i n g  d a t a  ( see  Br 60a)  a t  29 MeV f o r  He-  He
e l a s t i c  s c a t t e r i n g  and f o u n d  p o o r  a g r e e m e n t .  In o r d e r  t o
f i n d  o u t  i f  t h i s  o c c u r r e d  a t  l o w e r  e n e r g i e s  as w e l l /
3 3T o m b r e l l o  and Bacher  (To 63b)  o b t a i n e d  d a t a  f r o m  He-  He 
e l a s t i c  s c a t t e r i n g  between 3 and 12 MeV b om ba r d i ng  e n e r g y  
and compared t h e  d a t a  t o  t h e i r  r e s o n a t i n g  g r o u p  c a l c u l ­
a t i o n s  a l s o  f i n d i n g  p oor  a g r e e m e n t .  I t  a p p ea r s  t h a t  t he  
o n l y  o t h e r  d a t a  a v a i l a b l e  in  t h e  l i t e r a t u r e  a r e  a n g u l a r  
d i s t r i b u t i o n s  a t  19 and 25 MeV f r o m  b o t h  ^He-T and ^He-^He 
e l a s t i c  s c a t t e r i n g  r e p o r t e d  by Rosen (Ro 59/  Ro 60) and 
^He-T e l a s t i c  s c a t t e r i n g  d a t a  f o r  b o m b a r d i n g  e n e r g i e s
10 ü
between 12 and 15 MeV r e p o r t e d  by L e l a n d  e t  a 1 . (Le 6 5 ) .
Thus ,  i t  was c o n s i d e r e d  o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e
e x c i t a t i o n  r e g i o n  between 17 and 21 MeV in  u Li  n u c l e u s
by e l a s t i c  s c a t t e r i n g  o f  ^ H e - p a r t i c 1 es f r o m  t r i t i u m .
The d a t a  p r e s e n t e d  he re  c o n s i s t  o f  t h r e e  e x c i t a t i o n
f u n c t i o n s  a t  c .m.  a n g l e s  o f  4 0 ° ,  90°  and 140°  c o r r e s p o n d i n g
t o  l a b  a n g l e s  o f  2 0 ° ,  45°  and 20°  r e s p e c t i v e l y .  The
l a t t e r  two e x c i t a t i o n  f u n c t i o n s  were o b t a i n e d  f r o m  the
t r i t o n  r e c o i l  g r o u p .  The c u r v e s  a r e  shown in  f i g u r e  6 . 5 .
In a d d i t i o n ,  f o u r  a n g u l a r  d i s t r i b u t i o n s  f r o m  ^He-T
e l a s t i c  s c a t t e r i n g  were o b t a i n e d  a t  ^He b o m b a r d i n g  e n e r g i e s
5, 7,  9 and 11 MeV and a r e  p r e s e n t e d  in f i g u r e  6 . 6 .  For
the  p u r po s e  o f  c o m p a r i s o n  two a n g u l a r  d i s t r i b u t i o n s  a t  9
3 3and 11 MeV were  o b t a i n e d  f r o m  He-  He e l a s t i c  s c a t t e r i n g .
The l a t t e r  a r e  shown as s o l i d  l i n e s  i n  f i g u r e  6 . 6 .  In a d d-
3 3i t i o n ,  p o i n t s  f r o m  t h e  He-  He e l a s t i c  s c a t t e r i n g  a r e  
shown in f i g u r e  6 . 7 .
E x c i t a t i o n  f u n c t i o n s  a r e  c o m p l e t e l y  s t r u c t u r e l e s s ;
0
i . e .  t h e r e  a r e  no e x c i t e d  s t a t e s  o f  Li  n u c l e u s  w h i c h  can
3
be o b s e r v e d  by He-T e l a s t i c  s c a t t e r i n g  i n  t h e  e x c i t a t i o n  
r e g i o n  c o n s i d e r e d .
A n g u l a r  d i s t r i b u t i o n s ,  ho we ve r ,  do have some i n t e r ­
e s t i n g  f e a t u r e s .  The l a r g e  c r o s s  s e c t i o n  i n  t h e  f o r w a r d  
d i r e c t i o n  i s  a f e a t u r e  w h i c h  i n d i c a t e s  a d i r e c t  r e a c t i o n  
mechanism ( o r  p r o n o u nc e d  Coulomb s c a t t e r i n g ) .
FIGURE 0 . 5
E x c i t a t i o n  f u n c t i o n  f r o m e l a s t i c  s c a t t e r i n g  o f  ^He 
f r o m  t r i t i u m .  The d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  in
t he  c . m.  s ys t em.
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3
A n g u l a r  d i s t r i b u t i o n s  f r o m  e l a s t i c  s c a t t e r i n g  o f  He f r o m
t r i t i u m .  S o l i d  l i n e s  r e p r e s e n t  a v i s u a l  f i t  o f  p o i n t s  o b t a i n -
3 3ed f r o m  t h e  s c a t t e r i n g  o f  He f r o m  He a n g u l a r  d i s t r i b u t i o n s  
f o r  t h e  p u r p o se  o f  c o m p a r i s o n .  The d i f f e r e n t i a l  c r o s s  
s e c t i o n  and s c a t t e r i n g  a n g l e  a r e  b o t h  in t h e  c . m .  s y s t e m .
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FIGURE 6 . 7
A n g u l a r  d i s t r i b u t i o n s  f r o m  e l a s t i c  s c a t t e r i n g  o f  
3 3He f r o m  He. The d i f f e r e n t i a l  c r o s s  s e c t i o n  and 
s c a t t e r i n g  a n g l e  a r e  b o t h  in  t h e  c . m.  s y s t e m .
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3Whereas He-T scattering shows only one minimum for bomb­
arding energies 5 and 7 MeV, they display two minima for 
the data taken at 9 and 11 MeV. The only minimum for 5 and 
7 MeV cases is found at about 90° c.m. angle. The first 
minimum for both 9 and 11 MeV angular distributions is at
about 0 r = 75°, add the second minimum is at about c • rn •
e = 125° and 140° respectively. Intermediate maximac.m.
between the two minima are found about c.m. angles of 105°
and 120° respectively. The general characteristic of
these angular distributions is that they are not symmetric
about e = 90° and cross section increases slowly atc • rn ♦
backward angles beyond the lastminimum. The asymmetry of
these curves can be interpreted as being due to the
presence of exchange forces in ^He-T scattering (Ro 60a).
Large cross sections at backward angles is explained by the
presence of the charge exchange forces as above, as wel1 as
increased compound nucleus formation. In comparison the 
3 3He- He scattering angular distributions do not show the 
same shape and are symmetric about 90° because identical 
particles are involved.
102.
CONCLUSION
From the observed large values of tensor polar­
ization in a~d elastic scattering at several energy- 
angle combinations it may be concluded that the analysis
is feasible. The validity of the set of phase shifts 
reported by McIntyre and Haeberli (Me 64a, Me 65) has 
been established by qualitative agreement between the 
experimental data and calculated parameters from these 
phase shifts. Although, a further adjustment of the 
phase shifts is required to improve the quantitative 
agreement, it is indicated by the results that the 2+
above phase shifts in the considered energy region is 
correct.
p-d elastic scattering, it is clear that the present data 
lead to the same qualitative conclusion as do the nucleon 
polarization: the inclusion of spin-orbit or tensor forces
is necessary to describe low energy nuc1eon-deuteron 
scattering although the effects of such forces are relat­
ively small. However, further measurements of the vector 
polarization component for the deuterons from the scatter­
ing are desirable to establish the importance of the spin- 
orbit term in the deuteron potential in particular.
of deuteron polarization by elastic scattering from ,rHe
g
for the Li levels using the
From the non-zero values of the <*21^ obtained in
103.
The relatively large values of the <T77> parameters 
9 9in the Be(p,d) Be reaction indicate that the spin-depend­
ent interactions are present. The present data together 
with those of Darden and Froelich (Da 65) should be of 
considerable use to the efforts concerned with the spin- 
dependent interactions in direct reactions.
The excitation functions obtained from the elastic 
scattering of ^lie-part i cl es from tritium have revealed
two anomalies corresponding to two excited states at about
74.6 and 6.5 MeV in Li compound nucleus. These excited 
states have been identified as mirror states of the ones
7reported by Tombrello and Parker (To 63a) in Be nucleus 
and have been given a tentative assignment of 7/2 and 
5/2 respectively. A phase shift analysis limited to 
angular distribution data has shown a large contribution 
from 6 = 3 partial wave. However, no level parametrization 
has been carried out so far. Accumulation of further 
elastic scattering data in the form of excitation functions 
is regarded necessary in order to carry out a full phase 
shift analysis with the purpose of extracting the level 
pa rameters.
Data obtained in the form of excitation functions from
elastic scattering of protons and He-particles from tritium
target displayed no structure thus indicating that no
4 6excited states in He and Li compound nuclei could be
104
seen in t h e  e n e r g y  r e g i o n  c o n s i d e r e d  by t h e  e l a s t i c  
s c a t t e r i n g  p r o c e s s .
From t h e  d-T  e l a s t i c  s c a t t e r i n g  d a t a  i t  i s  e v i d e n t
t h a t  t h e r e  i s  a b r o ad  anomal y  p r e s e n t  a t  a b o u t  20 MeV in  
5
He compound n u c l e u s .  From a q u a l i t a t i v e  a n a l y s i s  o f  t h e  
d a t a /  t h e  i n d i c a t i o n  i s  t h a t  a l t h o u g h  d-wave i s  p r e d o m i n a n t  
t h e r e  a r e  o t h e r  e v e n - 6  p a r t i a l  waves i n v o l v e d .  A n o t h e r  
p o s s i b i l i t y  i s  t h a t  s e v e r a l  l e v e l s  a r e  o v e r l a p p i n g  i n  t h e  
c o n s i d e r e d  e n e r g y  r e g i o n ,  g i v i n g  an i m p r e s s i o n  o f  a b r o ad  
s t a t e .  A phase s h i f t  a n a l y s i s  o f  t h e  e l a s t i c  s c a t t e r i n g ,  
a l t h o u g h  c o m p l e x ,  w o u l d  be o f  g r e a t  v a l u e  t o  t h r o w  some 
l i g h t  on t h i s  q u e s t i o n .  However ,  i t  i s  u n l i k e l y  d e f i n i t ­
i v e  r e s u l t s  c o u l d  be o b t a i n e d  u n l e s s  p o l a r i z a t i o n  d a t a  were  
a v a i l a b l e  ( s i n c e  t h i s  i s  a s p i n  3 / 2  s y s t e m ) .
1Ü 5 .•
APPENDIX A
STATISTICAL ERROR CALCULATIONS
We denote the ratio of the polarized yield to that
of the normalizing yield in any of the four detectors by 
Y.
Ri = tt1- where i = 1, 2, 3, 4. Then the expression for 
Y G i
statistical error for any of the three parameters <T 2 > 
is given by
A< T 2k> JTi^(Tok ^ 2 (A . 1)
whe re
( A R.)2
Evaluating 3(T2k>3 R .1
i =1 1
R 2 ( I  ♦ - L -i ' V. Y _ .I G 1
(A.2)
for each parameter from equations
2.3c and using equation A. 2 the following expression 
for the statistical error in the three parameters can 
be obtained
A(T20) = 4f R1 n/ 16(Y 1 + Y ^ >  + (V 2 + Y ^ >
4 (7 + y1-) + (7 + 71-)
3 G3 4 G4
A ( T 2 1 ) i f f / R 2 ( R 2 - V 4 ) 2 ( 7 2 +  Y ^ >  +  4 R 3 ( V R 4 ) 2  x
(A.3)
(7 + 7^~) + Ru<R9-Rii+4)2(v + 7^ “)Y 3 YG3 4 z 4 y 4 yq4
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A(T22) 4f\| R2(lK3CY +2 — ) + 4 C 2-R, ) 2 (i + 7^-) G2 3 T3 G3
+
R23
(A.3)
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APPENDIX B
ROTATION OF THE SPIN TENSOR MOMENTS
If  t he  c o o r d i n a t e  sys t em in which t he  s p i n  o r i e n ­
t a t i o n  of  a beam of  d e u t e r o n s  i s  d e s c r i b e d  i s  r o t a t e d  
by t he  Eu l e r  a n g l e s /  a / 3  andy,  t he  t e n s o r  moments change 
in t he  f o l l o w i n g  manner  (Sa 60a ) :
<Tq k 1 >* = f k k ' (“ ' 6 'V> <Tqk> (B- X)
where t he  pr imed moments d e s c r i b e  t he  o r i e n t a t i o n  in t he  
new c o o r d i n a t e  s ys t e m.
The f o r mul a e  r e l a t i n g  t he  s e c o n d - r a n k  t e n s o r  moments 
(pr i med)  in a c o o r d i n a t e  sys t em r o t a t e d  a bou t  t he  y a x i s  
by an a n g l e  gand t h o s e  in t he  o r i g i n a l  c o o r d i n a t e  sys t em 
a r e  t he  f o l 1owing:
<T2 o>* = "2 ( 3cos^ ß - 1 ) <T2 q>-\^|-s i n3cos  ß<T2 i 3<T2 2 >
<T^ 1 = | ^ s  i n 3 co s3 <T2 Q>+ ( 2 c o s ^ ß - l ) < T 2 2 > “ s ‘ n ^c o s ^<^ T22>
(7 2  1 2  B . 2 )
<T9 2 >'  = JgS i n 3<T2q> + s i nßcos3<T2^> + 2 ‘(co s 3 + l ) < T 2 2 >
R o t a t i n g  t he  c o o r d i n a t e  sys t em by an a n g l e  3 i s  e q u i v a l e n t  
t o  r o t a t i n g  t he  d e u t e r o n  s p i n  by an a n g l e  - 3 .
1 0 8 .
APPENDIX C
CALCULATION OF POLARIZATION PARAMETERS FROM PHASE SHIFTS.
The o u t g o i n g  wave i n  e l a s t i c  s c a t t e r i n g  o f  a 
p o l a r i z e d  beam i s  i n  a m i xed  s t a t e  and can be r e p r e s e n t e d
as a l i n e a r  c o m b i n a t i o n  o f  t h e  p u r e  s t a t e s  y (Po 59)Am
s
4>(m ) = E <m |M|m '>x,S . ( C . l )
s ms ' s s ms
where  ^ ( m s ) i s  t he  o u t g o i n g  wave;  xn i i s  t h e  e i g e n f u n c t -
s
i on  o f  t h e  S c h r ö d i n g e r  wave e q u a t i o n  w i t h  t h e  o p e r a t o r s  
Sz ; ms i s  t h e  e i g e n v a l u e  o f  t h e  s p i n  p r o j e c t i o n  o f  t h e  
p o l a r i z e d  beam in t h e  i n i t i a l  s t a t e ;  m^ i s  t he  p r o j e c t i o n  
on t h e  z a x i s  o f  t h e  s p i n s ;  and <ms l M|ms , > i s  t h e  t r a n s i t ­
i on a m p l i t u d e  f r o m  s t a t e  rn t o  s t a t e  m ' .s s
By c o n s i d e r i n g  e q u a t i o n  C . l ,  t h e  e x p e c t a t i o n  v a l u e  
f o r  t h e  t e n s o r  moments,  T o f  a beam d e s c r i b e d  i n  s e c t i o n
A. I_
1 . 1 ,  i n i t i a l l y  i n  t h e  y s u b s t a t e  can be w r i t t e n  as
<p 1 TI y > = g<B| M+ l u X 6 | T y < y | M | Y>lY>
= | Y<ß I M+ I y ><y I Ml y X ß  I T I Y>
in t h e  D i r a c  b ra  and k e t  n o t a t i o n .  For  a beam t h a t  i s  
e s s e n t i a l l y  u n p o l a r i z e d ,  i t  i s  now n e c e s s a r y  t o  a v e r a g e  
o v e r  t h e  v a l u e s  o f  y w h i c h  g i v e s
<T>
T r p  3 y 3 Y $Y
( C . 2)
whe re
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ßy 2S.+1 y / ßy yY
The ßy e l e m e n t  o f  t h e  d e n s i t y  m a t r i x  and s.  
s p i n  s t a t e .
The v a l u e  f o r  M i s  (Se 64a)
( C . 3 )
1 , t h e  i n i t i a l
where
R+? %  'j° *  { e ^ ' a* IJ  [ ( £ + 2 ) U *  e + ce-X )U®e1- 2 (2 C +1 )J +
a‘ +2 pe+2 [(e+i)(e+2 )] i ^ +2+« i , a e - 2p« - 2
b= R *^ 2- j-— { e ^ H  Pt  [ ( « + l ) U ^ ?1+ ^ " 1;1- ( 2 ? + o ]  -  
e i ' “ e+2pt + 2 [ ( t + l ) ( € + 2 ) ] i U ^ ^  + 2- e J i ^ - 2 p ^ _ 2 [ £ ( £ - l ) J  * U ^ _ 2 } ,
/2 i  i a,* r 2 i
*■  K t- t4 ^ f£<e+2 ) ui !t - ( 2 t +1 ) u/ , r <t 2 ' 1 ) uM 1 ]  's i ne
‘ l a t + 2 Pe l 2 t f e | 2 u U +2+ e 2 l a < - 2P e - 2 [ Ä l 2u^ J - 2  }
/2
s i n e
i i a£ 1 i
( e °U D*f  u^+1- l /  +e^ ' a  ^+ 2p' f 2 u ^*  i u{ , *  U*,*J e +2 L-e+2j u^ p+2
.  el ' «£._2p^ ._2^ _A_rjl u^-^_2} ^
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/ 2
s i n ^9
 ^i cu  ^i a, nM ___f ^ e ± ft'
2/2 i £(«- +1)
^+„1 -(2Ä.+ D U 0 +(<?+l)l/'1L jU
i i a
/  ' .,* + 1 e" '“iL~2py. -9 ,i-l ,
[(<+l)(X + 2 ^  4,e + 2 0 < h 2
The following quantities were used in the above expressions
R = Rutherford amplitude = - l^ncsc2 ( 0/2) exp[j nln csc“(0/2)J
2
a = arctan (n+n/2+...+n/E) where n = zz' e /hu 
* 2
P^Ccose) = *•— —  “— (-CP-S—-0— =^—  and 9 is the c.m. scattering 
L T V  d(cose 9)
angle. The phase shifts are related to the elements of
the collision matrix in the following way:
L' £
=«ee, exp(2 i 6^) (C.4)
•f*for all elements except those for J = 1 . These elements 
are (Se 64b)
Uq q = cos4e exp(2i6J)+sin^eexp(2i52 ) (C.5)
U 2 2  = sin2eexp(2-,6j)+cos2Eexp(2i6^) (C.6)
üj 2 = ^2 0= "2 s ' n ) J^ exp ( 2 i 6 J )-exp( 2 i 6 2 )J (C . 7)
1 1where 6q and 6^  are the eigen-phase shifts and e is the 
mixing parameter.
The following expressions for the tensor parameters
result:
1 1 1 .
Trp §  [ i  a l 2 + f | b | 2 + |g| 2 + I f  1 2 + 1 e 1 2 j| ( C . 8 )
<T20> = ( ^ / T r p j j j a ! 2 + 1 f  1 2 + l e i 2 -  2 | g | 2 - I b l ^ j
( C . 1 0 )
<T11>
= (i?/T r p ) j h m ( b f * )  + i m ( g e * )  + i m ( a g * ) J ( C. 9 )
<T2 i> -  rp ) ^Re ( b f  *  ) + Re ( e * g )  -  Re(ag*  )J ( C . 11)
<T22>
= ( J | / T r p ) [ 2 R e ( a e * ) - |  f  1 2J ( C . 12 )
<T10> = 0 ( C . 13)
I t  s h o u l d  be p o i n t e d  o u t  t h a t  i n v a r i a n c e  un de r
t i m e  r e v e r s a l  was n e g l e c t e d  in r e f e r e n c e  Ga 55b w h i c h  r e s ­
u l t e d  i n  t h e  wrong  s i g n s  o f  t h e  o f f - d i a g o n a l  e l e m e n t s  o f  
t h e i r  c o l l i s i o n  m a t r i x  (Se 6 4 a ) .
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APPENDIX D
TRITIUM HANDLING AND CALCULATION OF ERROR DUE TO HYDROGEN
IMPURITY
To prepare the UT~ oven for storage of tritium/
7 gm of Uranium chips were cleaned with dilute nitric 
acid and distilled water to remove the oxide layer. The 
wet uranium was placed in an oven constructed by welding 
a plug in the bottom of a stainless steel tube 10 cm long 
and 0.6 cm inside diameter. The volume over the uranium 
chips was packed with glass-wool and the upper seal was 
placed in position for welding. The seal consisted of 
a 0.6 cm plug welded to a 0.3cm diameter stainless steel 
tube which was in turn hard soldered to a Hoke valve.
Helium was then flown through the valve and the plug was 
heliarc welded whi1e the bottom of the oven was submerged 
in water. Water was removed from the uranium by pumping 
on the oven until 25 ym vacuum was achieved.
The oven was connected to a vacuum and gas handling 
system. Hydrogen was introduced into the system and the 
oven was heated. At about 300°C the reaction began and 
hydrogen was supplied as long as it was taken up by the 
uranium. Near 400°C the hydrogen was given off and the 
system was pumped to 25 ym and allowed to cool. This cycle 
was completed three times to activate the uranium. AFter 
considerable pumping time tritium was admitted to the cell
113
and absorbed by uranium to form UT^ compound. At room 
temperature the equilibrium pressure in contact with 
uranium is below 25 ym. The tritium was removed from the 
target cell at room temperature. Since uranium sinters 
above 400°C caution was taken to prevent overheating.
The following is a derivation of an expression for 
error in the elastic scattering from tritium cross section 
due to the uncertainty in the hydrogen impurity pressure.
Denote pressure due to hydrogen, tritium and total 
pressure in the cell by P,,, and P . Also denote the 
triton and proton groups and combined counting in the spectra
by Y-r, Yjj and Y+. t respectively. Then
kP^ and Y-j- Y - Y tot tH Ytot kPH*
The corresponding cross section will then be given by
CY. T
T P -P tot H T
C(Ytot-kPH ) 
Ptot~ PH
where C and k are some constants of proportionality. Then 
from above
(Y . -kP.J-kCP,. -P..)
da
now k 
daT
aT
T CdPH
L U  L n  L U L
(Ptot- PH )2
n
F1 c = °T(Ptot~PH )PH y t
dPH ( Y tot-YH - YH . Ptot
Ptot“PH y t y t PH
-P,
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doT
T
since Yy = Y
P -p rtot rH
£nlü
PH YT
(D.l)
- Ytot FT
From the quantities in (D.l) a corresponding error 
in the cross section measurement can be calculated. Thus 
for 1 mm of hydrogen present in a 25 mm tritium target an 
approximate estimate of the error involved is 4%.
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APPENDIX E
CROSS SECTION CALCULATION AND SINGLE LEVEL PARAMETR1ZATI ON 
The e x p r e s s i o n  f o r  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  
t he  e l a s t i c  s c a t t e r i n g  o f  s p i n - y  p a r t i c l e s  f r o m  a s p i n -  
z e r o  t a r g e t  has been g i v e n  p r e v i o u s l y  by C r i t c h f i e l d  and 
Dodder  (Cr  4 9 ) .
o ( 0 )  = [ f c I  + I f . I 2 ( E . l )
where
f r ( 6 )
D_ 2 , 0
T T  C S C  ( — ) e x p ^ i n l n  e s c 4 (—)"] +
t  E e 4 ' £ ?e ( c o s e  )f" (£ + 1) e ' ^  s in 6 ,+ + £ e ' (^ s i n ö ,
k e=o 1 1 1 e J
and
1 E 2 i c u . _ VJ,£ ' ^ w ~> w / f , i < 5 /  . £ -  \ I----- e t s i n 6 /  - e  - e s i n S ^ If i ( 6 )  = k f=le l s i n e  d ( c o s e )  
i n  t h e  e x p r e s s i o n s  0 i s  t h e  c . m .  s c a t t e r i n g  a n g l e ,  k i s
t h e  wave number ,  n = / t i u ,  and u i s  t h e  r e l a t i v e
v e l o c i t y  o f  t he  two p a r t i c l e s .  The phase s h i f t s  f o r  t o t a l  
a n g u l a r  momentum j  = i + j  and j  = ? -  y  a r e  d e n o t e d  by 6* 
and 6g , r e s p e c t i v e l y .  The a ' s  a r e  r e l a t e d  t o  t he  u s ua l  
Coulomb phase s h i f t s , -  a .
Assuming t h e  ^ 5 / 2  l eve1  has an e x t r e m e l y  s ma l l  
e f f e c t  on t h e  a+T e l a s t i c  s c a t t e r i n g  (To 6 3 a ) ,  a s i n g l e
l e v e l  p a r a m e t r i z a t i o n  o f  5^ can be a p p l i e d
- t a n - 1
p = k R+ t an
- 1
2 ? 
( K / A ^ ) Y ^ ~
E x + a x _ E . p = kR
( E . 2)
where
2
1 1 6 .
(F
3 F 
3 3 p + G3 3 p ■)+ 3 kR
and
E i s  t h e  e n e r g y  in t he  c . m.  s y s t e m /  and F^ and a r e  t he
r e g u l a r  and i r r e g u l a r  Coulomb wave f u n c t i o n s .  Ris  t h e  n u c l -
2
e a r  r a d i u s ,  and i s  t h e  r ed uc e d  w i d t h .
The f o l l o w i n g  p a r a m e t e r s  have t o  be o b t a i n e d  f o r  a
6^ f i t  in e q u a t i o n  E . 2 :  n u c l e a r  r a d i u s  R, r educed  w i d t h  
2
Y- , r e so na n ce  e n e r g y  E , e x c i t a t i o n  e n e r g y  E „ ,  and r a t i o  
t o  t he  VJigner l i m i t  6^ = ( 3 t i ^ / 2 y  R) . The q u a n t i t y  y i s
t h e  r e duce d  mass,  and Eres i s  d e f i n e d  as t h a t  l a b  e n e r g y  
f o r  w h i c h  Ex + AX -E goes t o  z e r o .
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